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I. INTRODUCTION:

In an original cohort of mice | described an reduction in the number of metastatic lesions in mice
deficient for the cysteine protease cathepsin C. Extensive characterization of these mice revealed
expression of cathepsin C in multiple cell types, but did not identify differences between
cathepsin C proficient and deficient tumors in terms of leukocytic infiltrate, stromal composition,
vasculature, proliferation, cell death, or hypoxia. Analysis of circulating carcinoma cells also
found to be unchanged, all of which was detailed in the first annual report.

These findings lead me to both examine lung seeding as a potential mechanism and to
enroll an additional cohort of animals into an end stage study of metastatic burden to confirm our
original observation. I can now report that lung seeding was unaltered in cathepsin C deficient
animals, and that no difference in spontaneous lung metastasis was observed in the second cohort
of animals. Based upon these negative results, | have completed the study of cathepsin C in
breast cancer metastasis and have submitted a manuscript for publication detailing these
findings.

Utilizing the technical expertise gained for this extensive work, I initiated parallel studies
to comprehensively profile the leukocytic infiltrate in human breast cancer. This analysis
revealed higher proportions of lymphocytes within carcinomas compared to normal tissue, and
surprisingly that these proportions were reversed in carcinomas exposed to neoadjuvant
chemotherapy. This study is now listed as a new Aim 4 in the statement of work, and has been
published in a special breast cancer issue of PNAS.

Based upon these findings in breast cancer, and our recent publication describing that
removing macrophages from the microenvironment of mammary carcinomas through targeting
of the CSF1-CSF1R pathway improves response to chemotherapy (1), | have detailed a new Aim
5 wherein | will determine the mechanism by which macrophages restrict this response. This
may prove critical to understanding the results of future clinical trials involving macrophage-
targeted agents, including an upcoming trial based upon our paper in Cancer Discovery. In
addition, in an attempt to monitor the effectiveness of agents that reduce macrophage infiltration
within tumors, | have collaborated with the laboratory of Dr. Heike Daldrup-Link at Stanford
University to investigate whether iron oxide nanoparticles can be used to non-invasively measure
macrophage density through MR imaging.



Il. RESEARCH ACCOMPLISHMENTS BODY:

AIM 1. DETERMINE THE FUNCTIONAL ROLE OF CATHEPSIN C IN REGULATING LEUKOCYTE
INFILTRATION AND BIOACTIVITY IN MAMMARY ADENOCARCINOMA DEVELOPMENT AND
METASTASIS

Establish the profile of cells expressing CTSC during tumor development and metastasis:

Profile CTSC expression in mammary and lung tissue of MMTV-PyMT mice by flow cytometry.
(months 1-6)

Evaluate cathepsin C activity using a selective probe, FYOL, in lysates of purified leukocytes
isolated from mammary glands, peripheral blood and lung from MMTV-PyMT mice. (months 3-
6)

Quantitatively assess activity of cathepsin C enzymatic substrates in purified leukocytes from
PyMT/CC*" versus PyMT/CC” mice using selective protease activity assays (months 6-12)

STATUS: COMPLETE

Assess functional significance of cathepsin C in regulating macrophage phenotype:

Analyze polarization state of tumor-associated macrophages by intracellular staining for
cytokine expression. (months 1-6)

Verify macrophage polarization by INOS and arginase expression levels by real time PCR.
(months 6-9)

Compare the ability of PyMT/CC*" and PyMT/CC™ tumor-associated macrophages to influence
invasive properties of malignant MECs grown as organoids using the 3D organotypic model.
(months 6-12)

STATUS: COMPLETE

Evaluate leukocyte infiltration requlated by cathepsin C in PyMT mice:

Analysis of leukocyte infiltration in mammary and lung tumors in PyMT/CC*" and PyMT/CC™
mice using multicolor flow cytometry. (months 1-6)

Measure cytokine expression levels in mammary and lung tumors in PyMT/CC*" and PyMT/CC
" mice via ELISA. (months 3-9)

Identify leukocyte populations with altered cytokine expression profiles in mammary and lung
tumors in PyMT/CC*" versus PyMT/CC"‘ mice using intracellular cytokine staining and
multicolor flow cytometry. (months 9-12)

STATUS: COMPLETE



AIM 2: DETERMINE AT WHICH STAGE OF CANCER DEVELOPMENT CATHEPSIN C FUNCTIONALLY
REGULATES PULMONARY METASTASIS OF MAMMARY CARCINOGENESIS

Determine if cathepsin C regulates intravasation from primary mammary tumors into the
circulation:

Measure the number of circulating neoplastic cells in the blood of PyMT/CC*" and PyMT/CC™
mice at day 85 and 95 using either flow cytometry or PCR. (months 12-18)

Examine directional growth of neoplastic cells in the 3D organotypic model during co-culture
with the leukocyte populations identified in Aim 1. (months 12-18)

Examine the ability of leukocyte populations to induce chemotaxis of neoplastic cells using a
modified Boyden chamber (months 18-21)

Adoptive transfer of CC*~ and CC”" splenic T cells into PyMT/CC-/- mice and evaluation of lung
metastasis and the number of circulating MECs. (months 18-24)

STATUS: COMPLETE

Determine of cathepsin C requlates MEC survival in blood, lung seeding, or outgrowth:

Generate 4 neoplastic cell lines from PyMT/CC*" and PyMT/CC*" mice that are also transgenic
for GFP (2 from early non-invasive mammary tumors and 2 from late, invasive tumors). (months
1-6)

Intravenously inject neoplastic cell lines in wildtype and CC” mice and measure MEC survival
in the blood, lung infiltration, and outgrowth/tumor progression. (months 12-18)

If extravastion into the lung is affected by cathepsin C expression, then examine rolling,
adhesion, and transmigration of neoplastic cell lines on immortalized mouse endothelial cells.
(months 18-24)

If tumor growth or development is altered, inject neoplastic cells subcutaneously in a xenograft
model along with purified tumor-associated leukocytes and measure early growth. (months 18-
24)

STATUS: COMPLETE

Determine if metastasis of mammary tumors is regulated by leukocyte-derived cathepsin
C:

Generate bone marrow chimeric mice by using irradiated PyMT/CC*" and PyMT/CC*" mice
and the bone marrow from GFP* and GFP*/CC™ mice. (months 12-24)



Analyze tumor incidence, growth, progression and metastasis in the four combinations of
chimeric mice. (months 18-36)

If tissue cathepsin C expression appears to be important, generate chimeric mice that do not
express PyMT and measure tumor growth in a xenograft model and lung metastasis following
intravenous injection. (months 18-36)

STATUS: COMPLETE

AiM 3: DEVELOP DIAGNOSTIC AND THERAPEUTIC APPROACHES BASED ON CATHEPSIN C

BIOACTIVITY TO IMPROVE BREAST CANCER PATIENT SURVIVAL

Develop a probe to measure cathepsin C activity in live mice:

Generate FY01-GdDTPA and FYO1-FITC. (months 12-18)

Adjust animal protocol to include use of FY01-GdDTPA and JCP410. (months 12-18)
Evaluate entrance of labeled FYO1 into purified TAMs (months 18-21)

Evaluate entrance of labeled FYO1 into TAMs in vivo (months 18-21)

Analyze entrance of FY0O1-GdDTPA into tumors using MRI. (months 21-24)
STATUS: NOT INITIATED*

Evaluate efficacy of a selective cathepsin C inhibitor in reducing pulmonary metastasis:

Examine the effect of the selective cathepsin C inhibitor JCP410 in the 3D organotypic co-
culture model. (months 24-30)

Evaluate the ability of JCP410 to inhibit cathepsin C activity in mammary and lung tumors by
analyzing post-injection activity by MRI or staining unfixed tissue sections. (months 24-36)

Evaluate the efficacy of JCP410 in inhibiting pulmonary metastasis through bi-weekly i.p
injection in mice of age 60 and 80 days. (months 24-36)

STATUS: NOT INITIATED*

Evaluate cathepsin C activity during human breast cancer progression:

Submit proposal for use of human tissue (months 12-24)



Analyze expression of cathepsin C in fixed sections of human mammary tumors by double
staining for cathepsin C and leukocyte markers followed by confocal microscopy. (months 24-
36)

If cathepsin C expression is observed, measure activity in unfixed tissue sections using FY01-
FITC. (months 24-36)

Correlate cathepsin C expression and activity with information available about the clinical stage
of the cancer and/or the outcome. (months 30-36)

Analyze breast cancer tissue microarray data with 10 year follow up data for a correlation
between cathpesin C expression and clinical stage and/or outcome. (months 30-36)

Evaluate role of human leukocytes to promote invasive growth in the 3D organotypic co-culture
model using human breast cancer cell lines (months 24-30)

Evaluate ability of JCP410 to inhibit the promotion of invasive growth by leukocytes (months
30-36)

STATUS: WILL NOT BE INITIATED*
*Based on results from Aims 1 and 2, we have revised our hypothesis as it is now clear that
cathepsin C is not a significant regulator of mammary carcinogenesis; thus, evaluating

cathepsin C in human samples is without merit. Based on this, we have added a new Aim 4
and Aim 5.

*NEW AIM 4: EXAMINE THE COMPOSITION OF LEUKOCYTES WITHIN HUMAN BREAST
CARCINOMAS AND NORMAL TISSUE IN THE PRESENCE OR ABSENCE OF NEOADJUVANT THERAPY

Determine leukocyte composition within normal and tumor tissue:

Utilize polychromatic flow cytometry to generate leukocyte profiles. (months 12-24)

To evaluate the composition of tumor-infiltrating leukocytes in human BC, tumors from 20
patients were evaluated by polychromatic flow cytometry and IHC detection of leukocyte
lineages in tissue sections as described in Materials and Methods. Nine invasive ductal
carcinomas (IDC) and five invasive lobular carcinomas (ILC) — mostly histological grade two or
three — were obtained from patients with no prior exposure to CTX (CTX-naive) at the time of
primary surgery for early stage BC, although one patient had received neoadjuvant tamoxifen.
Six tumor samples were obtained from patients previously treated with neoadjuvant CTX prior to
resection (CTX-treated), consisting entirely of grade two or three IDC. Notably, three of six
CTX-treated tumors were HER2/neu-positive, compared to only one of fourteen CTX-naive
tumors, whereas both groups contained roughly equivalent percentages of tumors negative for
estrogen, progesterone and HER2 receptors (triple negative). Ipsilateral nonadjacent tissue was
also obtained from seven CTX-naive and four CTX-treated patients for use as “normal’ tissue, in


















resulted in an altered ratio of CD8" to CD4" T cells (Fig. 6F). Although it was unclear whether
the density of CD8" cells in CTX-treated residual tumors was increased (Fig. 6G), the number of
cells expressing granzyme B was strikingly evident in two of six CTX-treated tumors (Fig. 6H),
while minimal granzyme B staining was observed in CTX-naive tumors, even in areas with high
numbers of CD8" T cells (Fig. 61).

STATUS: COMPLETE

NEW AIM 4 was initiated in the last 12 months and has resulted in a PNAS manuscript
(Ruffell et al., 2011). Please see appendix for attached manuscript.

NEW AIM 5: EVALUATE DIAGNOSTIC AND THERAPEUTIC APPROACHES TARGETING

MACROPHAGES IN MAMMARY ADENOCARCINOMA

Examine effects of tumor-associated macrophage depletion, via CSF1-CSF1R pathway
blockade, on characteristics of tumor progression and/or response to chemotherapy:

Examine effects of chemotherapy (paclitaxel) on the presence of distinct macrophage
populations within mammary tumors. (months 18-30)

We have already established that the number of TAMs is increased in both human patients that
have undergoing neoadjuvant chemotherapy (15), and tumor bearing MMTV-PyMT mice treated
with paclitaxel (1). While we have not yet evaluated TAM subsets in chemotherapy treated
animals, we have found two distinct subsets of TAMSs in normal mammary glands and mammary
tumors, distinguishable largely on the basis of MHCII expression (Fig. 7A and 7B). These
subpopulations differentially express a variety of other markers (Fig. 7C), but are
morphologically similar (Fig. 7D).

Examine effects of CSF1R kinase blockade on distinct macrophage populations, and other
leukocyte subtypes in mammary tumors and their pulmonary metastases. (months 18-30)

Preliminary analysis of TAM populations following treatment with the CSF1R kinase inhibitor
PLX3397 has revealed that MHCII"® TAMs are preferentially lost during treatment (Fig. 8).
Intriguingly, a similar phenomenon has recently been reported in mice during gestation, wherein
although CSF1R blockade reduces macrophage accumulation in the myometrium during
pregnancy, there is a preferential loss of the MHCII"® population (16).

Examine effects of CSF1R small molecule kinase inhibitor in combination with chemotherapy on
mammary tumor growth and metastasis. (months 24-36)

These studies have not yet initiated.

STATUS: ONGOING
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Evaluate USPIOs for contrast enhancement within mammary carcinomas. (months 18-30)

We investigated 90-day-old MMTV-PyMT mice (n=16) bearing late-stage mammary
adenocarcinomas before and after intravenous injection of ferumoxytol, as well as syngeneic
mice with PyMT-derived orthotopic mammary tumors (n=8) (Fig. 11). All tumors demonstrated
an initial negative (dark) enhancement on immediate postcontrast T2-weighted MR images, that
was most pronounced in the tumor periphery and which increased slowly and gradually up to
1.0-hour (h) post injection (p.i.). This corresponds to an initial blood pool perfusion of USPIO
with slow, gradual transendothelial leakage of the nanoparticles into the tumor interstitium (20-
23). At 24 h p.i. of ferumoxytol, all tumors demonstrated a persistent signal decline, which was
most pronounced in tumor centers (Fig. 11).

Determine whether USPIOs are selectively labeling tumor-associated macrophages and can be
used to quantify the level of macrophages within tumors. (months 24-30)

Detection of iron using DAB-enhanced Prussian Blue staining, and immunodetection of CD68"
TAMs in tissue sections of mammary tumors localized ferumoxytol to CD68" TAMs (Fig 12A).
As it was difficult to show selective uptake using DAB-generated contrast due to high
background, we also generated ferumoxytol-FITC to show colocalization by
immunofluorescence using an Alexa 488 conjugated anti-FITC antibody. As shown in Fig. 12B,
ferumoxytol was specifically found within CD68" TAMs, but not keratin 18-expressing
malignant epithelial cells. While ferumoxytol was not found within all TAMs, these results
indicate that the MR signal effects on delayed MR images were largely due to TAM-mediated
uptake of contrast agent.

STATUS: COMPLETE
"NEW AIM 5 was initiated in the last 6 months based upon our recent publication in
Cancer Discovery (DeNardo et al. 2011). The final subaim involving MRI has also been

completed and is now published as the cover article in Clinical Cancer Research (Daldrup-
Link et al. 2011). Please see appendix for attached papers.

18









A Ferumoxytol Non-injected

| 5
% Koyent
. A S R
e :
XIN N g g )
; Y
" { A N
e | el o :
Iron DAPI Iron DAPI Iron DAPI

lelaynd3

DAP| Keratin 18 DAPI DAPI| Keratin 18

abeydolsoep

DAPI CD68 DAPI DAP! CD68

abeydosoe

BB
DAPI CD68 DAPI DAPI CD68

Fig. 12. Uptake of ferumoxytol by TAMs in vive. (A) Localization within OCT-embedded mammary
tumors of ferumoxytol (iron; black contrast) to CD68" macrophages (green) using phase contrast of DAB
staining and confocal microscopy. (B) Localization of ferumoxytol-FITC (green) to CD68™ macrophages
(red) but not Keratin 18" carcinoma cells (red) within mammary tumors. Scale bars are shown in images.




lll. KEY RESEARCH ACCOMPLISHMENTS:

Aim 4: Completed a comprehensive analysis of leukocytic infiltrate in human breast
carcinomas, revealing a unique infiltrate compared to murine tumors, and pronounced
influx of myeloid cells in tumors exposed to neoadjuvant chemotherapy.

Aim 5: Identified two distinct populations of tumor-associated macrophages in murine
mammary tumors that appear to be preferentially affected by the CSF1/CSF1R pathway.
Have identified a way to use MR imaging to monitor TAM infiltration, which may prove
critical for the proper evaluation of therapies designed to reduce the presence of TAMs
within breast tumors.

IV. REPORTABLE OUTCOMES:

Manuscripts:

Ruffell B, Au A, Rugo HS, Esserman LJ, Hwang ES, Coussens LM. (2011) Leukocyte
composition of human breast cancer. Proc. Natl. Acad. Sci. (Epub ahead of print)

Daldrup-Link HE, Golovko D, Ruffell B, DeNardo DG Castaneda R, Ansari C, Rao J,
Tikhomiron GA, Wendland M, Corot C, Coussens LM. (2011) MR Imaging of tumor associated
macrophages with clinically-applicable iron oxide nanoparticles. Clin. Cancer Res. 17; 5695-
5704.

DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, Gallagher WM,
Wadhwani N, Keil SD, Junaid SA, Rugo HS, Hwang ES, Jirstrom K, West BL, Coussens LM.
(2011) Leukocyte complexity predicts breast cancer survival and functionally regulates response
to chemotherapy. Cancer Discov. 1(1): 54-67.

Abstracts/Posters:
» DOD Era of Hope Meeting. Orlando, FL. August 2-5, 2011.
« AACR 102" Annual Meeting 2011. Orlando, FL. April 2-6, 2011.
» Breast Oncology Program Retreat. San Francisco, CA. January 27-28, 2011.

Presentations:
» Life Sciences Institute, Vancouver, BC (July, 2011)
« 7™ Internation Symposium on the Intraductal Approach to Breast Cancer (Feb, 2011)

V. CONCLUSION:

It is now clear that infiltrating immune cells profoundly regulate solid tumor development.
Diverse populations of cells infiltrate tumor microenvironments and are altered by cancer cells
and surrounding stroma in such a way that many of their bioactivities are co-opted to aid growth
and/or metastasis of tumors. Out of this realization emerges novel targets for therapy that may
impact patient survival, i.e., immune targets regulating primary tumor development, and those
regulating metastatic dissemination and growth. It is thus hypothesized that manipulating the
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immune response and neutralizing its effect on neoplastic cells represents an efficacious
alternative approach to current disease management.

We have now established in both murine models and human patients that exposure to
neoadjuvant chemotherapy induces the recruitment of myeloid populations, including tumor-
associated macrophages (1, 15). Using the dependency of this population on the CSF1/CSF1R
pathway for recruitment to the tumor microenvironment, we have demonstrated that preventing
macrophage influx improves the response of transgenic mice to chemotherapy, resulting in lower
primary tumor and pulmonary metastatic burden (1). Despite this success, human breast cancers
are infiltrated by a wider variety of myeloid populations, for example mast cells, that may share
overlapping functions with macrophages but that are not dependent on the CSF1/CSF1R
pathway. ldentifying common molecular pathways mediating chemoresistance may therefore
improve the chance and/or efficacy of clinical translation. Along these lines, preliminary data
suggests that CSF1/CSF1R blockage selectively reduces infiltration of a subpopulation of
macrophages with enhanced immunosuppressive properties. Identifying the immunosuppressive
pathways involved in restricting the response to chemotherapy therefore hold great potential for
improving the rate of pathological complete response in patients and prolonging survival.
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Retrospective clinical studies have used immune-based biomarkers,
alone or in combination, to predict survival outcomes for women
with breast cancer (BC); however, the limitations inherent to
immunohistochemical analyses prevent comprehensive descrip-
tions of leukocytic infiltrates, as well as evaluation of the functional
state of leukocytes in BC stroma. To more fully evaluate this com-
plexity, and to gain insight into immune responses after chemo-
therapy (CTX), we prospectively evaluated tumor and nonadjacent
normal breast tissue from women with BC, who either had or had
not received neoadjuvant CTX before surgery. Tissues were evalu-
ated by polychromatic flow cytometry in combination with confocal
immunofluorescence and immunohistochemical analysis of tissue
sections. These studies revealed that activated T lymphocytes pre-
dominate in tumor tissue, whereas myeloid lineage cells are more
prominant in “normal” breast tissue. Notably, residual tumors from
an unselected group of BC patients treated with neoadjuvant CTX
contained increased percentages of infiltrating myeloid cells, ac-
companied by an increased CD8/CD4 T-cell ratio and higher numbers
of granzyme B-expressing cells, compared with tumors removed
from patients treated primarily by surgery alone. These data pro-
vide an initial evaluation of differences in the immune microenvi-
ronment of BC compared with nonadjacent normal tissue and reveal
the degree to which CTX may alter the complexity and presence of
selective subsets of immune cells in tumors previously treated in the
neoadjuvant setting.

inflammation | macrophage

everal subtypes of CDA45 expressin% leukocytes infiltrate

breast cancer (BC), including CD4" and CD8" T cells,
CD20* B cells, and multiple myeloid lineage cells including
tumor associated macrophages (TAMs) that are often identified
by immunohistochemical (IHC) detection of CD68 (1). High
lymphocyte infiltration is associated with increased survival in
patients <40 y of age (2) and with a favorable prognosis in
subsets of patients whose tumors are also heavily infiltrated by
TAMs (3). More specifically, large cohort studies of patients with
BC have revealed that the presence of CD68" cells in tumor
tissue correlates with poor prognostic features (4 6), higher tu
mor grade (7 9), increased angiogenesis (10 13), decreased
disease free survival (6, 11, 14, 15), and increased risk for sys
temic metastasis when assessed in conjunction with endothelial
and carcinoma cell markers (16).

The functional significance of specific leukocytes in BC de
velopment has been implied based on experimental studies using
murine models of mammary carcinogenesis where mice harboring
homozygous null mutations in genes specifying leukocyte de
velopment or recruitment have been evaluated. In transgenic mice
expressing the polyoma virus middle T antigen regulated by the
mouse mammary tumor virus promoter (MMTV PyMT mice),
progression of mammary carcinomas and metastases to lungs are
reduced in mice lacking the colony stimulating factor 1 (csfl) gene,
a cytokine critical for macrophage maturation and recruitment
(17,18). TAMs in mammary tumor tissue are often associated with
vasculature (19), where their production of VEGFA fosters an
giogenic programming of tissue (20, 21), and their production of
EGF promotes invasive tumor growth and subsequent metastases
(22, 23). Moreover, TAMs regulated by epithelial CSF1 express
higher levels of several hypoxia induced genes (iNOS and arginase 1)
that, in turn, mediate suppression of anti tumor immunity by
blocking cytotoxic T cell proliferation and activation (6, 24). Thus,

www.pnas.org/cgi/doi/10.1073/pnas. 1104303108

TAM presence and bioactivity within mammary tumors corre
spond to their clinical activity, further indicating the importance
of TAMs, not only in promoting tumor development, but also in
suppression of anti tumor immunity.

CD4™ T cells isolated from human BC produce high levels of
type II helper (Ty2) cytokines including IL 4 and IL 13 (25, 26),
which are significant in light of studies demonstrating that several
protumor activities of TAMs are regulated by IL 4 derived from
CD4™" T cells (1, 27). Based on these findings, we recently reported
that infiltration by CD68*, CD4", and CD8" immune cells in
human BC is predictive of overall survival, and that the ratio of
CD68 to CD8a mRNA in tumor tissue correlates with complete
pathologic response (pCR) in patients undergoing neoadjuvant
chemotherapy (CTX) for early stage BC (6). Despite the clear
correlation between these specific immune cell types and BC
clinical outcome, leukocyte complexity within tumor tissue
remains poorly described, with most studies relying on single
marker IHC detection. Furthermore, although some studies have
examined the effects of CTX on the presence and function of
circulating peripheral blood leukocytes (28), data regarding the
effect of CTX on tumor infiltrating immune cells are limited (29).

Herein, we evaluated leukocytic infiltrates in breast tissue
from predominantly hormone receptor positive patients who
had, or had not, received CTX before definitive surgery. In CTX
naive patients, we found that activated T lymphocytes comprised
the majority of immune cells within tumors, whereas myeloid
lineage cells predominate in nonadjacent normal breast tissue. In
contrast, tumors from patients with residual disease after neo
adjuvant CTX contained higher levels of infiltrating myeloid
cells, with a simultaneous shift away from a Ty2 dominated
lymphocyte response.

Results

Increased Presence of T Cells in Tumor Tissue. To evaluate the
composition of tumor infiltrating leukocytes in human BC,
tumors from 20 patients were evaluated by polychromatic flow
cytometry and IHC detection of leukocyte lineages in tissue
sections as described in Materials and Methods. Nine invasive
ductal carcinomas (IDC) and five invasive lobular carcinomas
(ILC) mostly histological grade two or three were obtained
from patients with no prior exposure to CTX (CTX naive) at the
time of primary surgery for early stage BC, although one patient
had received neoadjuvant tamoxifen. Six tumor samples were
obtained from patients previously treated with neoadjuvant CTX
before resection (CTX treated), consisting entirely of grade two
or three IDC. Notably, three of six CTX treated tumors were
HER?2/neu positive, compared with only 1 of 14 CTX naive
tumors, whereas both groups contained roughly equivalent per
centages of tumors negative for estrogen, progesterone, and
HER?2 receptors (triple negative). Details of tumor pathology
are outlined in Table S1. Ipsilateral nonadjacent tissue was also
obtained from seven CTX naive and four CTX treated patients
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H.S.R., LJ.E., and E.S.H. contributed new reagents/analytic tools; B.R. and L.M.C. analyzed
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for use as “normal” tissue, in addition to tissues from two con
tralateral prophylactic mastectomies from patients with ipsilat
eral ductal carcinoma in situ (DCIS).

Immune infiltrates detected with the pan leukocyte marker CD45
were present in both normal and tumor tissue, but with substantially
increased density in BC (Fig. 14). Leukocyte subsets were evaluated
by using a combination of lineage markers to identify specific sub
populations (Figs. S1 and S2), with the complexity of these pop
ulations shown in Fig. 1B as a percentage of the total number of
CD45™ cells in each sample. BC tissues from CTX naive Eatients
contained infiltrates dominated by T lymphocytes (CD3e™), with
minor populations of natural killer cells (CD3e"CD56"NKG2D™)
and B lymphocytes (CD19/20*HLA DR*CD3"). In comparison,
myeloid lineage cells including macrophages (CD14h‘CD11b+HLA
DR™), mast cells (FceRla™CD117*CD11b~CD49d™) and neu
trophils (CD15*CD11b*CD49d ™) were more evident in the normal
tissue from these patients. A similar immune profile was observed in
breast tissues obtained from the two prophylactic mastectomies
(Fig. 1B).

Increased Presence of Myeloid-Lineage Cells in Residual Tumors from
Patients Exposed to Neoadjuvant CTX. Comparative analysis of
residual BC tissue removed from patients after neoadjuvant CTX
revealed an obvious difference in the percentages of myeloid
lineage cells compared with the CTX naive group. With some
exceptions, this difference included an increased presence of mac
rophages as a percent of total leukocytes (Fig. 24), as well as by
density evaluation of CSF1 receptor (CSF1R) positive cells in tissue
by IHC (Fig. 2B). Increased percentages of mast cells (Fig. 2C) and
neutrophils (Fig. 2D) were also evident in most CTX treated
patients, with an ~14 fold increase in CTX treated versus CTX
naive groups. Basophils (FceRla"CD117-CD11b-CD49d*; Fig.
2E) were highly increased in only one of six CTX treated samples,
whereas the percentage of myeloid dendritic cells (CD11c*HLA
DR*CD14""; Fig. 2F) was unchanged. Evaluation of plasmacytoid
dendritic cells expressing CD85g/ILT7 detected an insufficient
number of events for analysis. Thus, with the exception of baso
phils, dendritic cells, and CD15*CD11b*CD49d* eosinophils
which were present just at a detectable level in the tissues ex
amined increased presence of myeloid lineage cells typified
residual tumors of women treated with neoadjuvant CTX.

CD68 Is Not a Macrophage-Specific Marker in Human BC. Macro
phages are well established as regulators of murine mammary
tumorigenesis (30), where they can represent up to 80% of
leukocytes present within late stage mammary carcinomas (1). In
human BC, immunoreactivity for CD68 has been used exten
sively for identification of macrophages, with CD68™ cell density
associated with reduced overall survival (6, 11, 14, 15).

The high number of CD68™ cells reported in the literature, and
shown in Fig. 34, was in contrast to the limited number of
CD14"CD11b*HLA DR* macrophages observed by flow
cytometry in the BC suspensions examined (Figs. 1B and 24). To
understand this discrepancy, we first evaluated CD68 expression in
BC tissue sections, compared with CD163 (a hemoglobin scav
enger receptor also commonly used as a marker for macrophages)
and CSF1R (Fig. 34). This comparative analysis revealed a lack of
correlation in cell density among the three markers. We next
evaluated frozen BC tissue sections by confocal microscopy after
immunofluorescent detection of CD68 in combination with
CSF1R or CD45 (Fig. 3B). Although all cells expressing high lev
els of the CSF1R also expressed CD68, there was a distinct pop
ulation of CD68" cells that expressed neither CSF1R nor CD45.
CD68 did not significantly colocalize with keratin* epithelial cells,
CD31" endothelial cells, or smooth muscle actin o expressing
mural cells surrounding vasculature (Fig. 3C). This expression
contrasted with murine mammary tumors isolated from MMTV
PyMT transgenic mice (17), where CD68" cells coexpressed
both CSF1R and the murine macrophage marker F4/80 (Fig.
S3). In agreement with historic literature (31, 32), these results
thus indicate that CD68 is not a macrophage specific marker in
human BC.

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1104303108

Fig. 1. Leukocyte infiltration of human breast tumors. (A) Hematoxylin and
eosin (H&E) staining of tissue sections (Left) with representative immunohis
tochemistry for CD45 (Right) shown for each. (B) Flow cytometric analysis of
leukocyte populations within human breast tumors. Results are shown as
a percent of total CD45* cells with markers used to define specific lineages
shown below.

Tumor-Infiltrating T Cells Display an Activated Phenotype. To reveal
the phenotype of T cells infiltrating BCs, we examined surface
marker and chemokine receptor expression of tissue infiltrating
CD4* and CD8" T cells (Fig. 4 A and B). Specifically, both
CD4* and CD8" T cells displayed increased expression of ac
tivation markers CD69 and HLA DR compared with peripheral

Ruffell et al.



Fig. 2. Increased myeloid lineage leukocyte infiltration within CTX treated
patients. (A) CD14"CD11b*HLA DR* macrophages shown as a percent of
total CD45* cells as determined by flow cytometry. (B) Representative im

munohistochemistry for CSF1R in tumors from either CTX naive (Upper) or
CTX treated (Lower) patients. Red arrows indicate cells displayed in enlarged
insets. FceR1a*CD117*CD11b CD49d* mast cells (C), CD15*CD11b*CD49d

neutrophils (D), FceR1a*CD117 CD11b CD49d* basophils (E), and CD11c*HLA
DR*CD14'” (F) DCs shown as a percent of total CD45* cells. N, nonadjacent
normal; T, tumor.

blood T cells, with a corresponding loss of markers for naive T
cells, CD45RA, and CCR7. Furthermore, although all T cells
constitutively expressed the costimulatory receptor CD28 (Fig.
S4A), expression of CD27, another costimulatory receptor, was
reduced in a large proportion of tissue infiltrating cells, in
dicative of shedding after interaction with its ligand CD70 (33
and potential acquisition of effector functions (34, 35). CD4

and CD8" T cells also displayed substantially up regulated ex
pression of chemokine receptors CCR4 and CCRS (Fig. 4B), and
although CD8* T cells constitutively expressed CXCR3, tissue
infiltrating CD4" T cells exhibited higher CXCR3 expression
than their counterparts in peripheral blood. Surface marker ex
pression by tissue infiltrating CD4" and CD8™ T cells was subtly
different between tumor and benign tissue in some samples;
however, these changes were not consistent across patients, or
between CTX naive and CTX treated groups (Fig. S4B).

Altered Lymphocyte Balance in Residual Tumors After Neoadjuvant
CTX. Although we observed no difference in the percent of
CD3e"CD56"NKG2D* natural killer (NK) cells (Fig. 54),
higher levels of CD19/CD20*HLA DR™* B cells were evident in
several CTX naive tumors compared with both normal tissue
and CTX treated tumors. As has been reported (36), B cells
were clustered together in association with T cells (Fig. 50).
Notably, CD4* T cells as a percent of the total CD45% pop

Ruffell et al.

Fig. 3. CD68 is not a specific macrophage marker in human breast tumor
tissue. (A) Representative immunohistochemistry within tumors for CD68
(Left), CSF1R (Center), and CD163 (Right) in serial sections from a CTX trea
ted patient. Red arrows indicate cells displayed in enlarged insets. (B) Im
munofluorescent staining of human breast tumors for CD68 (red) in
conjunction with CSF1R (i and ii) or CD45 (jii and iv). (C) Immunofluorescent
staining for CD68 (red) in conjunction with pan keratin (green; i), or CD31
(green) and smooth muscle actin a (SMA; purple; ii).

ulation were also increased in CTX naive tumors compared with
both normal tissue and residual postneoadjuvant tumors (Fig.
5D). As the percent of CD8* T cells was unchanged (Fig. 5E),
the lower percentage of CD4™ T cells within the CTX treated
group resulted in an increased CD8 to CD4 ratio (Fig. 5F). Al
though it was unclear whether the density of CD8™ cells in CTX
treated residual tumors was increased (Fig. 5G), the number of
cells expressing granzyme B was strikingly evident in two of six
CTX treated tumors (Fig. SH), whereas minimal granzyme B
staining was observed in CTX naive tumors, even in areas with
high numbers of CD8* T cells (Fig. 51).

Despite the reduced percentage of CD4* T cells in tumors
from CTX treated patients, there was no change in the density
of IHC detected regulatory T cells expressing FoxP3 (Fig. S54),
which was specifically expressed by CD3"CD4" cells in the
tumor (Fig. S5B). Gating on CD25™ cells, consisting of >80%
FoxP3* cells in all samples tested, also revealed that the relative
percentage of these cells was invariant between groups (Fig.
S5C). Phenotypically, CD4 FoxP3* cells displayed an activated
phenotype with equivalent surface levels of CD45RO and CD69
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to CD4*FoxP3™ cells and, as has been reported for cells in pe
ripheral blood (37), expressed lower levels of CD127 (Fig. S5D).
Interestingly, although not all FoxP3™ cells expressed HLA DR,
they did comprise the majority of HLA DR expressing CD4* T
cells, in addition to coexpressing high levels of CD25.

These data collectively reveal a shift within tumors toward
a Ty2 type response in BC characterized by increased presence of
B cells and CD4™* T cells, in comparison with nonadjacent normal
breast tissue. This shift is reversed in tumors obtained from CTX
treated patients, with additional evidence of a cytotoxic T cell
response through a more favorable CD8/CD4 T cell ratio and
increased presence of granyzme B expressing lymphocytes; thus,
even residual tumors from patients with a poor response to CTX
may contain immune microenvironments that are more favorably
skewed towards an anti tumor, Tyl type immune response.

Discussion

Herein, we present a detailed description of leukocyte com
plexity in BC as evaluated in a cohort of CTX naive patients with
stage 2/3 tumors, compared with patients with significant residual
disease after neoadjuvant CTX. T lymphocytes were the major
population within both CTX naive and CTX treated tumors,
found almost exclusively in an activated state as determined by
increased expression of CD69 and chemokine receptors, with
simultaneous loss of naive markers CCR7 and CD45RA. The
presence of activation markers, however, does not definitively
demonstrate that intratumoral T cells are functionally active. In
fact, granzyme B expression was minimal within tumors from
CTX naive patients, suggesting negligible cytotoxic activity by
infiltrating CD8™" T cells. In comparison, granzyme B was highly
expressed in one third of the CTX treated tumors, suggestive of
a more cytotoxic T cell response within some tumors after ex
posure to CTX.

4 0of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1104303108

Fig. 4. Tissue infiltrating T cells display an activated pheno
type. (A and B) Representative histograms of CD3*CD4* (Upper)
or CD3*CD8* (Lower) T cells isolated from a single CTX treated
patient with both normal (blue) and tumor (red) tissue. Ex
pression of activation markers CD69 (Left), HLA DR (Center
Left), CD45RA (Center Right), and CD27 (Right) are shown in A,
and expression of chemokine receptors CCR4 (Left), CCR5
(Center Left), CCR7 (Center Right) and CXCR3 (Right) are shown
in B.

Importantly, residual tumors from CTX treated patients also
contained reduced percentages of B cells and CD4™ T cells.
Tumor infiltrating CD4* T cells in BC are known to express the
Ty2 cytokines IL 4 and IL 13 concomitantly with the production
of IFN y (25, 26), consistent with coexpression of CXCR3 and
CCR4 (38, 39) as we observed herein. It remains to be de
termined whether cytokine production by CD4™ T cells is altered
by neoadjuvant CTX; however, the combined reduction in both
CD4* T cells and B cells is indicative of a favorable shift away
from a T2 microenvironment. This shift could be relevant for
TAM function, as has been described in the MMTV PyMT
model where TAMs are programmed by IL 4 toward a Ty2
phenotype (1), and more recently in pancreatic ductal adeno
carcinoma during treatment where an agonist CD40 monoclonal
antibody fostered cytolytic macrophage activities (40).

Although the extent of lymphocyte infiltration has been as
sociated with improved prognosis in subsets of patients (2, 3),
and with pCR after CTX (41, 42), information regarding the
relationship between individual lymphocyte subsets to survival is
limited. High FoxP3 counts correlate with reduced overall and
relapse free survival in estrogen receptor (ER) positive tumors
(43), and pCR to neoadjuvant CTX is associated with reduced
FoxP3 grading (44, 45). Although two studies examining T cell
infiltration by flow cytometry found conflicting results regarding
the CD8:CD4 ratio and lymph node metastasis (46, 47), the
number of CD8" T cells within tissue has been associated with
improved patient survival (48). We have also reported a CD68/
CD4/CD8 immune signature predicting overall and relapse free
survival, with inverse correlations evident for CD4 when used in
conjunction with other markers (6). There is thus an urgent need
for additional prospective investigations where multiple param
eters of lymphocytic infiltration and functionality are evaluated
to determine the most significant biomarker comparisons that
predict outcome and guide specific therapy.

Ruffell et al.



Fig. 5. Improved cytotoxic T cell response in CTX treated tumors. CD3e CD56*NKG2D* natural killer cells (A) and CD3e CD19/20"HLA DR* B cells (B) shown as
a percent of total CD45* cells as determined by flow cytometry. (C) Immunofluorescent staining of tumors for CD20 (green) and CD3 (red). CD3e*CD4* T cells
(D) and CD3¢*CD8* T cells (E) are shown as a percent of total CD45" cells. (F) Ratio of CD8" to CD4* T cells within CTX naive versus CTX treated tumors.
Number of CD8 positive (G) and granzyme B positive (H) cells per area as determined by automated counting. (/) Representative sections stained with CD8 or
granzyme B from CTX naive (Left) or CTX treated (Right) tumors. Red arrows indicate cells displayed in enlarged insets. N, nonadjacent normal; T, tumor.

Although used successfully in multiple studies to relate TAM
infiltration with clinically relevant outcomes, our results indicate
that CD68 alone cannot accurately evaluate macrophage presence
in human breast tissue given that multiple stromal cells express it
and that a subset of these are CSF1R and CD45 negative. We
observed that the nonleukocytic CD68* cells were predominantly
located within tumor stroma and, thus, based on this localization
and morphology, we speculate that CSFIR™CD68* cells likely
reflect tumor associated fibroblasts or monocyte derived fibro
cytes in agreement with other reports (31, 32,49 52). Our findings
do not invalidate CD68 as a clinically relevant marker and, im
portantly, CSF1 response gene signatures have been identified in
breast adenocarcinomas that are predictive of recurrence risk and
metastasis (53, 54). However, given the important role that
fibroblasts (and perhaps fibrocytes) play in fostering aspects of
tumorigenesis (55 57), differentiating among macrophages,
fibroblasts, and other stromal populations within tumors has the
potential to improve diagnostic information currently generated
by immunodetection of CD68.

As we have reported for expression of ¢sfl mRNA (6), mul
tiple genes encoding myeloid cell chemoattractants are differ
entially expressed by human BC cell lines, with variable
induction of these genes in response to CTX (Fig. S6). Although
differential expression between cell lines corresponding to par
ticular subtypes of BC is evident, it is doubtful these cell lines
accurately represent the response of BC tumor tissue; thus, we
are investigating whether differences in myeloid cell infiltrates
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reflect distinct molecular subtypes of BC and to what extent
these differ in residual tumors from CTX treated patients.

It is important to acknowledge that leukocyte composition
within tumors responding to CTX likely differs substantially from
residual or recurrent tumors from patients that have received
CTX, given what is known regarding immune responses to CTX
induced cell death (28). However, we recently reported that in
mammary carcinomas of MMTV PyMT mice, blockade of the
CSF1 CSFIR pathway critical for TAM recruitment improved
response to CTX through a CD8" T cell dependent effect (6).
Thus, even though the findings presented herein are based on
a small dataset of heterogeneous tumor subtypes, and our results
may be biased because of sample selection favoring large and/or
less CTX responsive tumors among the CTX treated group, the
clear distinctions in the myeloid profiles between CTX naive and
CTX treated tumors is provocative and indicates that a CSF1
targeted strategy may be a promising approach to enhance
therapeutic efficacy of cytotoxic CTX, particularly for treatment
of refractory BC. Moreover, given the increase in granulocytic
populations within tumors resistant to CTX, and the involvement
of these cells in regulating immune responses in chronic in
flammatory diseases (58 62), these populations may also be
functionally relevant, and targeting common pathways of im
mune suppression within the tumor microenvironment may
provide additional therapeutic opportunities to increase efficacy
of neoadjuvant CTX.
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Materials and Methods

Tissues were collected at the time of surgery from consenting patients at the
University of California, San Francisco under approval from the institutional
review board. Tumor and ipsilateral nonadjacent normal tissues were collected
by a certified pathologist (A.A.) and were prepared for analysis on the day of
resection. The percent of macrophages and CD8* T cells has been reported for
a subset of the patients described here (6). Flow cytometry, immunohisto
chemistry, and immunofluorescence were performed as described (6), with
detailed methods contained in S/ Materials and Methods, and a list of anti
bodies available in Tables S2 and S3. Statistical differences between two in
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S| Materials and Methods

Flow Cytometry. Freshly resected tissue was manually minced and
then incubated for 45 min at 37 °C in DMEM (Invitrogen) with
2.0 mg/mL Collagenase A (Roche) and 50 units/mL. DNase I
(Roche). Single cell suspensions were prepared by filtering
through 70 pum nylon strainers (BD Biosciences), and <10° cells
were incubated for 30 min on ice with Fc Receptor Binding
Inhibitor (eBioscience) diluted 1/10 in PBS containing Live
Dead Aqua (1:500, Invitrogen). Cells were then incubated for 30
min in PBS containing 1.0 mM EDTA and 5% FCS along with
manufacturers’ suggested dilutions of fluorescently labeled pri
mary monoclonal antibodies (Table S2). After washing once,
cells were fixed with BD Cytofix for 30 min on ice, washed again,
and stored at 4 °C until analysis with an LSRII flow cytometer
(BD Bioscience). Before intracellular FoxP3 staining, cells were
instead fixed with the FoxP3 Fixation/Permeabilization system
(eBioscience) according to the manufacturer’s instructions.

Immunohistochemistry. Sections (5 pm) of formalin fixed, paraffin
embedded tissues were deparaffinized with xylene, rehydrated,
immersed in antigen retrieval citra (BioGenex), then heated for
7 min at maximum power in a microwave, followed by a 30 min
incubation in the heated buffer. After washing 3 times in PBS
and surrounding tissues with a hydrophobic Super Pap Pen (The
Binding Site), peroxidase activity and nonspecific binding was
blocked with appropriate components of the Thermo Scientific
Ultravision Detection Kit according to the manufacturer’s in
structions. After a second blocking step with PBS containing 5%
goat serum, 2.5% BSA, and 0.1% Tween 20, unlabeled primary
antibodies (Table S3) were diluted according to manufacturers’
recommendations and added to sections overnight at 4 °C. After
washing, antibodies were detected by using the appropriate
components of the Thermo Scientific Ultravision Detection Kit
according to manufacturer’s instructions. After development
with liquid DAB, slides were washed in H,O, counterstained
briefly with 1% Methyl Green, dehydrated, and mounted with
Cytoseal (Thermo Scientific). Representative images and quan
titative image analysis was done by using the Aperio ScanScope
CS Slide Scanner (Aperio Technologies) system with a 20x or

1. DeNardo DG, et al. (2011) Leukocyte complexity in breast cancer predicts overall
survival and functionally regulates response to chemotherapy. Cancer Discovery 1:
54-67.
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40x objective to capture whole slide images. Positive staining
was assessed with the nuclear default algorithm (Aperio).

Immunofluorescence. Sections (10 pm) of PFA fixed, sucrose
protected, OCT embedded tissues were thawed at 37 °C for 10
min, permeabilized with 100% ice cold acetone for 10 min,
washed in PBS, and then blocked with goat blocking buffer for
2 h. To use two primary antibodies from the same species, one
antibody was added at a 100 fold reduced dilution overnight at
4 °C in 0.5x blocking buffer, and after washing, slides were in
cubated with a biotinylated anti mouse or rabbit secondary
(Vector Laboratories) for 30 min. The signal from the diluted
antibody was then amplified with a TSA indirect kit (Perkin
Elmer) according to manufacturer’s instructions. After extensive
washing, additional primary antibodies were added overnight at
4 °C. After another round of washing, goat anti mouse Alexa
488, donkey anti rabbit or anti mouse Alexa 546, and streptavi
din Alexa 647 (1/500, Invitrogen) were used to detect all three
antibodies. To use three primary murine antibodies, slides were
blocked with 5.0 pg/mL mouse IgG1 and IgG2a (BioLegend) for
30 min after detection of the first primary antibody with anti
mouse Alexa 647. Slides were then incubated with two primary
antibodies directly conjugated to either FITC or Cy3 for 3 h,
washed, and incubated with goat anti FITC Alexa 488 (In
vitrogen). Slides were mounted with ProLong Gold with DAPI
anti fade mounting medium (Invitrogen) overnight, and images
were acquired by using a LSM510 Confocal Laser Scanning Mi
croscope (Carl Zeiss).

Real-Time PCR. Culture and exposure of human BC cell lines to
CTX agents was performed as described (1). mRNA was isolated
from cells by using the RNeasy mini kit (Qiagen), contaminating
DNA was removed by DNase I (Invitrogen) digestion, and re
verse transcription into cDNA was performed by using Super
Script III (Invitrogen) according to the manufactures’ directions.
Real time PCR was performed by using the Tagman system after
a preamplification step with TagMan PreAmp (Applied Bio
systems) according to the manufacturer’s instructions.
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Fig. S1. Gating strategy for identification of myeloid lineage populations. Starting from the upper left, arrows indicate directionality of subgates. Markers are
indicated to the left and bottom of each polychromatic dot plot. Identified populations are marked in red text.
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Fig. S2. Gating strategy for identification of lymphocyte populations. Starting from the upper left, arrows indicate directionality of subgates. Markers are
indicated to the left and bottom of each polychromatic dot plot. Identified populations are marked in red text.

Fig. S3. Immunofluorescent staining in murine mammary tumors for CD68 (red; i and iii), CSF1R (green; i and ii) or F4/80 (red, ii; green, iii).
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Fig. S4. Activation marker expression on T lymphocytes. (A) Representative histograms of CD28 expression for CD3*CD4* (Upper) or CD3*CD8* (Lower) T cells
isolated from a single CTX treated patient with both normal (blue) and tumor (red) tissue. (B and C) Percent of CD69 expressing (B) or HLA DR expressing
(C) T cells from all samples.
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Fig. S5. Presence of CD4*FoxP3* regulatory T cells within tumors. (A) Number of FoxP3 positive cells per area as determined by automated counting (Left)
with a representative stained section shown (Right). (B) Immunofluorescent staining of tumors for CD4 (green), CD3 (red), and FoxP3 (teal). Arrows indicate
CD3*CD4 FoxP3 (red), CD3*CD4*FoxP3 (green), and CD3*CD4*FoxP3* (teal) cells. (C) Percent of CD25" cells within the CD3*CD4* T cell population (Left) with
a representative polychromatic dot plot demonstrating FoxP3 staining within this population (Right). (D) Representative histograms of CD3*CD4*FoxP3 (red)
and CD3*CD4*FoxP3* cells (blue) showing expression of CD45RO, CD69, CD25, CD127, and HLA DR.
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Fig. $6. CTX induces chemokine gene expression changes in human breast cancer cell lines. Relative gene expression compared with untreated controls after
in vitro exposure to 25 nM paclitaxel or cisplatin for 24 h. Data represent an average of three replicates. Absence of bars for treated samples indicates un
detectable gene expression in control. Fold change of 1x is shown with black horizontal bar, and 2x change is shown with gray horizontal bar.
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Table S1. Patient information for evaluated tissue samples. ER, PR, and Her2 status is shown as grade, with percent positivity for ER/PR,
and Her2 (evaluated by FISH) shown in parentheses

Age Histology Grade ER PR Her2 Tumor size, cm Node Neoadjuvant Therapy

63 IDC 3 0 (0) 0 (0) 0(1.1) 1.6 None

56 IDC 3 3+ (95) 3+ (90) 0 2.6 + None

57 IDC 2 3+ (99) 2 3+ (25) 0 0.9 + None

61 IDC 3 3+ (99) 3+ (60) 2+ (1.0) 4.8 + None

78 IDC 3 3+ (30) 1 3+ (40) 3+ 2.2 + None

54 ILC 2 3+ (30) 3+ (30) 0 7.0 + None

78 IDC 3 3+ (100) 0 (0) 2+ (1.0) 2.2 None

55 ILC 3 3+ (95) 0 (0) 2+ (1.6) 7.3 + None

76 IDC 2 0 (0) 0 (0) 2+ (1.2) 5.1 None

65 IDC 2 1 3+ (90) 1 3+ (60) 0 9.0 + None

74 IDC 2 1+ (1) 0 (0) 2+ () 0.8 + None

65 ILC 2 3+ (100) 1 3+ (60) 0 1.1 Tamoxifen

59 ILC 2 3+ (100) 1+ (10) 0 7.0 + None

71 ILC 1 3+ (95) 0 (0) 0 3.0 None

73 IDC 2 3+ (100) 2 3+ (50) 3+ 9.8 (4.2) + (+) Docetaxel, Carboplatin, Trastuzumab

66 IDC 3 0 (0) 0 (0) 0(1.7) 10 (9.6) + (+) Valproic Acid, 5 FU, Epirubicin,
Cyclophosphamide

49 IDC 3 3+ (90) 0 (0) 2+ (2.3) 4.3 (4.3) () Paclitaxol, Doxorubicin,
Cyclophosphamide

39 IDC 2 3+ (95) 0 (0) 2+ (1.1) 8.0 (9.9) + (+) Docetaxel, Doxorubicin,
Cyclophosphamide

38 IDC 2 0 (0) 0 (0) 3+ 3.5(9.2) + (+) Doxorubicin, Cyclophosphamide,
Trastuzumab, Lapatinib

51 IDC 3 2+ (20) 0 (0) 2+ (1.0) 3.9 (4.2) () Valproic Acid, 5 FU, Epirubicin,

Anastrozole

Tumor size and node status are shown following neoadjuvant CTX in parentheses.
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Table S2. Antibodies used for flow cytometry

Antigen Clone Fluorophore Company Catalog no.
CD3e OKT3 PerCP eFluor 710 eBioscience 46 0037 42
CD3e OKT3 PerCP Cy5.5 eBioscience 45 0037 42
CD4 RPA T4 Qdot 655 Invitrogen Q10007
CD4 RPA T4 PE BioLegend 300508
CD8a RPA T8 APC eFluor 780 eBioscience 47 0088 42
CD8a RPA T8 Qdot 605 Invitrogen Q10009
CD11b ICRF44 PE Cy7 eBioscience 250118 42
CD11c 3.9 Alexa 700 eBioscience 56 0116 73
cD14 61D3 Qdot 655 Invitrogen Q10056
cD15 We6D3 Alexa 647 BioLegend 323012
cD19 HIB19 Alexa 700 eBioscience 56 0199 73
CcD19 HIB19 PerCP Cy5.5 eBioscience 450199 73
CD20 2H7 Alexa 700 BioLegend 302322
CD20 2H7 PerCP Cy5.5 BioLegend 302326
CD25 BC96 PE Cy5 BioLegend 302608
CD25 BC96 PE Cy7 eBioscience 25 0259 42
cb27 0323 Alexa700 eBioscience 56 0279 73
CD28 CD28.2 PE Cy7 eBioscience 25 0289 42
CD45 HI30 Qdot 705 Invitrogen Q10062
CD45 HI30 APC 780 eBioscience 47 0459 42
CD45RA HI100 Qdot 605 Invitrogen Q10047
CD45RO UCHL1 Alexa700 BioLegend 304218
CD49d 9F10 PE Cy5 BioLegend 304306
CD56 HCD56 PE Cy5 BioLegend 318308
CD56 HCD56 PerCP Cy5.5 BioLegend 318322
CD69 FN50 FITC eBioscience 11 0699 73
CD85g 17G10.2 APC eBioscience 17 5179 42
CD86 IT2.2 PE Cy5 eBioscience 15 0869 73
cD117 YB5.B8 PE eBioscience 12 1179 42
CcD127 eBioRDR5 650NC eBioscience 95 1278 42
CCR4 TG6 PE Cy7 BioLegend 335405
CCR5 HEK/1/85a PE BioLegend 313708
CCR7 TG8 Alexa 647 BioLegend 335603
CXCR3 TG1 Alexa 647 BioLegend 334903
FceR1 AER 37 FITC eBioscience 115899 73
FoxP3 PCH101 PE Cy5 eBioscience 15 4776 42
HLA DR L243 eFluor450 eBioscience 48 9952 42
& TCR B1.1 Alexa 647 BioLegend 331214
Va24Ja18 6B11 PE eBioscience 12 5806 42

Table S3. Antibodies used for

immunofluorescence

immunohistochemistry and

Antigen Species  Dilution Company Catalog no.
CD3 Rabbit 1/150 Thermo Scientific  RM 9107 S1
CD4 Mouse 1/20 Thermo Scientific ~ MS 1528 S1
cD8 Mouse 1/100 Thermo Scientific ~ MS 457 S1
CD20 Mouse 1/50 Abcam Ab9475
CD31 FITC Mouse 110 BioLegend 303104
CD45 Mouse 1/100 eBioscience 14 0459 82
CD45 FITC Mouse 110 BioLegend 304003
CD68 Mouse 1/100 Thermo Scientific  MS 397 P
CSF1R Rabbit 1/100 Abcam 61137
Pan keratin Mouse 1/100 Cell Signaling 4523

Alexa 488
FoxP3 Mouse 1/40 eBioscience 14 4777 82
Granzyme B Mouse 1/50 Thermo Scientific ~ MS 1157 S1

Ruffell et al. www.pnas.org/cgi/content/short/1104303108
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Translational Relevance

The presence of tumor associated macrophages
(TAM) in adenocarcinomas correlates strongly with poor
outcome in patients with breast cancer. Our data indicate
that the Food and Drug Administration (FDA) approved
iron oxide nanoparticle compound ferumoxytol (Fera
heme) is preferentially phagocytosed by TAMs, but not
by neoplastic tumor cells. In vivo, ferumoxytol adminis
tration was associated with an initial tumor perfusion,
followed by tumor retention and persistent magnetic
resonance enhancement at 24 hours after intravenous
administration, which correlated with phagocytosed
nanoparticles in TAMs. Together, these data indicate that
ferumoxytol enhancement may serve as a new bio
marker for long term prognosis and related treatment
decisions that will support ongoing development of
new immune targeted therapies. Since ferumoxytol is
FDA approved as an iron supplement, this application
is immediately clinically applicable as an imaging
approach via an "off label" use.

hydrodynamic diameters in the order of 80 to 150 nm are
rapidly phagocytosed by macrophages of the reticulo
endothelial system (RES), such as liver, spleen, and bone
marrow, whereas ultra small SPIO (USPIO) with diameters
of less than 50 nm escape RES phagocytosis to some extent,
leading to a prolonged blood pool circulation and accu
mulation in inflamed tissues and tumors due to transen
dothelial leak and macrophage phagocytosis (12 14).

The goal of this study was to utilize novel USPIO to
develop an immediately clinically applicable molecular
imaging approach for enhanced imaging of TAMs in breast
cancer. Our imaging technique relies on the iron supple
ment ferumoxytol (Feraheme), recently Food and Drug
Administration approved for intravenous treatment of iron
deficiency in patients (15 17). Ferumoxytol is also a USPIO
compound, providing a strong signal effect on MRIs and
thus exerting properties of an magnetic resonance contrast
agent (18 21). On the basis of these properties, we postu
lated that ferumoxytol would be phagocytosed by TAMs in
breast cancer, thereby enabling selective detection of TAMs
on delayed, postperfusion MRIs.

Materials and Methods

Contrast agents

Three USPIO nanoparticle compounds were investi
gated: (i) Ferumoxytol (Feraheme, AMAG Pharmaceuticals
Inc.) is a USPIO nanoparticle applied for intravenous
treatment of iron deficiency in patients with impaired renal
function (15, 16, 20, 22, 23). Ferumoxytol consists of an
iron oxide core and a carboxydextran coating. Ferumoxytol
has a mean hydrodynamic diameter of 30 nm, an r;
relaxivity of 38 s 'mM™!, and an r, relaxivity of 83
s 'mM~! at 0.94T and at 37°C. Ferumoxytol was conju
gated to fluorescein isothiocyanate (FITC; Ferumoxytol

FITC) for detection by immunofluorescent microscopy.
(ii) P904 (Guerbet Group, Paris, France) is a USPIO com
pound currently in phase I clinical trials in Europe with
plans for global distribution (24 27). P904 consists of an
iron oxide core and a hydrophilic coating by a monomeric
organic molecule with 20 hydroxylic groups. P904 has
a mean hydrodynamic diameter of 21 nm, an r; of
14 s 'mM™!, and an 7, relaxivity of 92 s 'mM™' at
1.5 T and 37°C. (iii) P1133 (Guerbet) is a preclinical
USPIO with potential future clinical development (24).
P1133 is based on P904 but also incorporates 8 to 10
folate moieties per nanoparticle in its coating, added via
an amino PEG derivative of folic acid coupled on its
g carboxylic moiety to the carboxylate bearing iron core.
P1133 has a mean hydrodynamic diameter of 26 nm,
an r; relaxivity of 12 s 'mM™}, and an 1, relaxivity of
95 s 'mM™" at 1.5 T and 37°C.

Animal model

This study was approved by the animal care and use
committees at the respective institutions. MMTV PyMT
mice that spontaneously develop multifocal, multiclonal
mammary adenocarcinomas were used at 12 to 14 weeks of
life (28). Seven animals each received intravenous injec
tions of ferumoxytol, P904, or P1133. Six additional ani
mals received injections of P1133 + free folic acid. Animal
age, weight, and tumor size were not significantly different
between experimental groups that received different con
trast agents (P> 0.05). Additional experiments were carried
out in 7 postpubertal female FVB/n mice (10 12 weeks),
which received injections of 50,000 PyMT derived tumor
cells into the right lower mammary fat pad for induction of
orthotopic tumors. Three of these animals were treated with
anti colony stimulating factor (CSF) 1 monoclonal anti
body (mAb), clone 5A1, purified by the UCSF Hybridoma
core using the ATCC hybridoma (#CRL 2702). The animals
received an intraperitoneal injection of 2 mg of anti CSF1
mADb, consisting of a 1 mg starting dose followed by 0.5 mg
chaser doses on day 5 and 8, and ferumoxytol enhanced
MRI on day 9. Three additional animals served as controls
and received intraperitoneal injections of PBS at the corre
sponding time points above, followed by ferumoxytol
enhanced MRI. One additional mouse received 3 subse
quent MRIs at 0, 1, and 24 hours without any contrast agent
injection to confirm that tumors did not show any changes
in magnetic resonance signal over a 2 day observation
period. For all animals, MRI experiments were carried out
when mammary tumors reached an approximate size of
1.0 cm.

Macrophage isolation and in vitro labeling

Tumors from MMTV PyMT mice at day 90 to 95, or
PyMT orthotopic tumors, were isolated and digested in
collagenase and DNAse (Roche Applied Sciences), strained
over a cell strainer (BD Falcon, BD Biosciences), and
incubated with phycoerythrin (PE) conjugated rat anti
mouse F4/80 antibody (clone CI:A3 1, Caltag). Cells were
then incubated with anti PE magnetic beads and isolated
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over a magnetic column to provide F4/80" cells
(macrophages and monocytes) and F4/80" cell fractions
(malignant mammary epithelial cells and other stromal
populations). In a previous study, we reported that
F4/80" cells represent Ly6G Ly6C~CD11b"F4/80" TAMs
(2). A total of 4 x 10° of both F4/80" and F4/80 cells
were plated onto cell culture dishes in DMEM supple
mented with 10% fetal calf serum. A total of 200 ug
|Fe]/mL of either Ferumoxytol, P1133, or P904 were added
to the cell culture medium. Additional samples were incu
bated with P1133 + 1.67 pumol/mL of free folic acid, a dose
that corresponds to 10 times the dose of folic acid engrafted
onto P1133. Cells were incubated overnight at standard
cell culture conditions (37°C, 5% CO,). The next day,
nonadherent cells were discarded and adherent cells were
removed via a cell lifter. Removed cells were washed 3 times
in PBS and resuspended in 400 puL of ficoll at a density of
1.07 g/mL and placed into 2.0 mL conical tubes for
imaging. Experiments were done in duplicates.

In vitro cell imaging and data analysis

For in vitro imaging of nanoparticle loaded cells, a clin
ical 3T scanner was used (Signa Excite HD, GE Medical
Systems) with a standard wrist coil (USA Instruments). Test
tubes were immersed in a water bath and a multiecho spin
echo sequence was obtained with the following para
meters: TE 15, 30, 45, 60 ms, TR 2000 ms, FOV 8 x
8 cm, matrix 256 x 196 pixels, slice thickness 2 mm,
and 2 acquisitions. Image processing was done by using
MRVision software (MR Vision Co.). T2 relaxation times
were calculated assuming a monoexponential signal decay
and using nonlinear least square curve fitting on a pixel by
pixel basis.

Determination of cell iron content

After imaging, cell samples were digested overnight in
trypsin and placed in 10% HNOj;. Inductively coupled
plasma optical emission spectroscopy (ICP OES) was done
to quantify the iron content per sample (Perkin Elmer).

In vivo imaging

Animals were randomly assigned to MRI when their
tumor reached a size of approximately 1.0 cm. Imaging
of MMTV PyMT mice before and after injection of different
nanoparticles was done with a 2 T Omega CSI II magnetic
resonance scanner (Bruker Instruments) and imaging of
mice before and after anti CSF1 mADb treatment was done
with a 1 T desktop magnetic resonance scanner (Aspect M2
Compact High Performance MR System). Animals were
anesthetized with isofluorane and placed on a recirculating
water warming pad in a dedicated radiofrequency coil for
high resolution MRI. A butterfly cannula filled with hepar
inized saline solution was introduced into the tail vein and
left in place. T1, T2, and T2* weighted imaging sequences
were obtained with the following parameters: T1 Spinecho
(SE): TR 500 ms, TE 12 ms; T2 SE: TR 2000 2500 ms, TE 15,
30, 45, 60 ms (2T), and TE 20, 40, 60, 80 ms (1T); T2*
Gradient echo (GE): TR 240 ms, TE 10 ms, flip angle 30

degrees (2T). MRIs were obtained with a field of view (FOV)
of 3 x 3cm (2T) or 6 x 6 cm (1T), a matrix of 128 x 128 or
200 x 200 pixels, and a slice thickness of 1 to 2 mm.

Following precontrast T1, T2, and T2 * weighted imaging,
24 PyMT animals received intravenous injections of
0.5 mmol [Fe]/kg ferumoxytol (n = 7), P904 (n = 7),
P1133 (n = 7), P1133 + 2.35 mmol/kg free folic acid
(100 times the dose of folate engrafted onto P1133;
n=3), or P1133 + 0.235 mmol/kg free folic acid (10 times
the dose of folate engrafted onto P1133; n = 3). Additional
tumor bearing mice after anti CSF1 mAbD treatment (n = 3)
or controls (n = 3) were injected with 0.5 mmol [Fe]/kg
ferumoxytol. After contrast media injection, without repo
sitioning the mouse, 6 subsequent multiecho T2 SE
sequences were obtained over the course of an hour,
followed by T1 and T2* weighted images. Mice were
removed from the scanner, allowed to wake up, and imaged
24 hours later with T1, T2, and T2* weighted sequences.
T2 relaxation times of the tumor were calculated based on
multiecho SE sequences and converted to R2 relaxation
rates (R2 = 1/T2), which is proportional to contrast agent
concentration. The relative change in R2 data between
pre and postcontrast MRIs, AR2 (%), was determined as
a quantitative measure of tumor contrast enhancement.

Histology

After the last MRI, at 24 hours postcontrast media injec
tion, mice were sacrificed, and mammary tumors explanted
and placed in optimal cutting temperature (OCT) com
pound on dry ice for histologic processing. Samples were
cut onto slides and warmed to room temperature, followed
by fixation in 100% ice cold acetone. Some samples were
then washed in H,0, and iron deposits in the tissue were
detected using the Accustain Iron Stain Kit (Sigma Aldrich)
according to the manufacturer’s instructions, followed by
signal enhancement with Fast 3,3’ diaminobenzidine
(DAB, Vector Laboratories) for 2 minutes. After blocking
sections with PBS containing 5% goat serum and 2.5%
bovine serum albumin (blocking buffer), sections were
incubated overnight at 4°C with 0.5x blocking buffer
containing either rabbit anti mouse folate receptor o
(1:100, Abcam) or rat anti mouse folate receptor 3 (1:8,
kind gift from Prof. Matsuyama, Kagoshima University,
Japan; ref. 29). Staining for folate receptor 3 was enhanced
using a biotinylated anti rat secondary antibody (1:200,
Vector Laboratories) and the Tyramide Signal Amplifica
tion kit (Perkin Elmer). After extensive washing, sections
were incubated overnight with FITC conjugated rat anti
mouse CD68 (1:50, Serotec), followed by Alexa 488 con
jugated goat anti FITC and either Alexa 546 conjugated
donkey anti rabbit or Alexa 546 conjugated Streptavidin
(1:500, Invitrogen). For detection of Ferumoxytol FITC,
sections were stained with rat anti mouse CD68 (1:100,
Serotec), washed, and then incubated with a combination
of Alexa 546 conjugated donkey anti rat and Alexa 488
conjugated goat anti FITC. All slides were mounted using
ProLong Gold with DAPI (Invitrogen) and analyzed using
an LSM510 confocal microscope (Zeiss).
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Statistics

Statistical analysis comparing the differences of tumor
relaxation rates between mice receiving different contrast
agents was done with a Wilcoxon rank sum test. A t test was
used to determine the significance of differences between
different cell samples and differences between age and
tumor size of mice. A P value of less than 0.05 was
considered significant.

Results

F4/80 positive TAMs phagocytose USPIO in vitro

Following incubation with the iron oxide nanoparticle
ferumoxytol, F4/80" TAMs showed a markedly decreased
signal on T2 weighted MRIs, whereas F4/80 cells showed
minimal signal changes compared with untreated controls
(Fig. 1A). Calculation of changes in relaxation rates (AR) as
quantitative measures of the magnetic resonance signal
enhancement (Fig. 1B) corroborated the qualitative find
ings with significantly higher AR2 data for ferumoxytol
exposed F4/80" TAMs compared with ferumoxytol
exposed F4/80 cells consisting primarily of carcinoma
cells (P > 0.05). Determination of iron content in the
samples revealed that increased iron uptake was respon
sible for the observed relaxation rate changes (Fig. 1C).

Since both TAMs and malignant epithelial cells highly
express the folate receptor, folate linked USPIO have been
recently developed for "tumor targeted imaging" (24, 30,
31). F4/80" TAMs incubated with folate engrafted P1133
nanoparticles showed significantly stronger visual and
quantitative magnetic resonance signal enhancement as
compared with ferumoxytol and P904 (Fig. 1). However,
folate engraftment also leads to significantly increased
nanoparticle uptake and magnetic resonance enhancement
of F4/80 populations. The P1133 induced signal effect
was inhibited by coincubation with free folic acid to P904
levels (Fig. 1), thus indicating that folate targeting mediates
increased USPIO uptake in vitro.

Ferumoxytol leads to persistent tumor enhancement
on delayed, postperfusion MRIs and corresponds to
specific nanoparticle retention in TAMs

We investigated 90 day old MMTV PyMT mice bearing
late stage mammary adenocarcinomas before and after
intravenous injection of ferumoxytol, as well as syngeneic
mice with PyMT derived orthotopic mammary tumors. All
tumors showed an initial negative (dark) enhancement on
immediate postcontrast T2 weighted MRIs, which was
most pronounced in the tumor periphery and increased
slowly and gradually up to 1.0 hour postinjection (p.i.).
This corresponds to an initial blood pool perfusion of
USPIO with slow, gradual transendothelial leakage of
the nanoparticles into the tumor interstitium (32 35).
At 24 hour p.i. of ferumoxytol, all tumors showed a per
sistent signal decline, which was most pronounced in
tumor centers (Fig. 2). We used DAB enhanced Prussian
Blue staining for detection of iron, and immunodetection
of CD68" TAMs in tissue sections of mammary tumors

Figure 1. In vitro MRIs of iron oxide nanoparticle labeled cells with
corresponding quantitative magnetic resonance signal enhancement and
spectrometry data. A, axial T2 weighted MRIs through test tubes containing
F4/80" versus F4/80 cells labeled overnight with Ferumoxytol, P904, P1133
alone, or P1133 with free folic acid (FFA). Cells were kept in suspension in ficoll
solution and test tubes were placed in a water bath to avoid artifacts by
surrounding air (which would cause a dark magnetic resonance signal). Image
parameters: 3 Tesla, SE 2000/60 (TR/TE in ms). B, corresponding R2
relaxation rates that quantitatively measure the magnetic resonance signal
effect of iron oxide nanoparticle labeled F4/80™ versus F4/80 cells, displayed
as mean + SD from duplicate experiments. C, iron content of the same cell
samples as shown in B, as determined by ICP OES.

localized ferumoxytol to CD68™ TAMs (Fig. 3A). As it was
difficult to show selective uptake using DAB generated
contrast due to high background, we also generated fer
umoxytol FITC to show colocalization by immunofluor
escence using an Alexa 488 conjugated anti FITC antibody.
As shown in Figure 3B, ferumoxytol was specifically found
within CD68" TAMs, but not keratin 18 expressing malig
nant epithelial cells. Although ferumoxytol was not found
within all TAMs, these results indicate that the magnetic
resonance signal effects on delayed MRIs were largely due
to TAM mediated uptake of contrast agent.

USPIO mediated TAM enhancement on delayed MRIs
can be increased by folate receptor targeting of
nanoparticles

To determine whether folate receptor targeting could
enhance the MRIs, we obtained additional MRIs of
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Figure 2. In vivo MRI of iron oxide
nanoparticles. A, T2 weighted SE
images of representative
mammary tumors in MMTV PyMT
mice prior to (precontrast) 1 and
24 hours after administration of
0.5 mmol [Fe]/kg of ferumoxytol,
P904 or P1133. The iron oxide
nanoparticle based contrast
agents cause a negative (dark)
signal effect in the tumor tissue on
these scans (arrows point to
tumors). B, quantitation of
magnetic resonance signal
enhancement (delta R2
measurement) of mammary
tumors in MMTV PyMT mice
before and after iron oxide
nanoparticle administration,
displayed as means + SD (n =7
mice/group, except P1133 + FFA
which contained 3 mice). Note that
all tumors show a nanoparticle
retention at 24 hours, which is
most pronounced for the folate
linked nanoparticle P1133.

MMTV PyMT mice with late stage mammary adenocarci
nomas injected with the folate engrafted USPIO P1133, the
nontargeted analogue P904, or P1133 plus free folic acid.
P1133 and P904 caused a nonspecific tumor perfusion
effect on T2 weighted images during the first hour p.i.,
which was not significantly different as compared with
tumor bearing mice injected with ferumoxytol (Fig. 2).
Delayed MRIs showed a significantly stronger persistent
tumor signal decline at 24 hour p.i. of P1133 compared
with ferumoxytol (P < 0.05).

In vivo inhibition experiments with free folic acid are
limited due to rapid liver uptake and renal elimination of
free folic acid (36). Inhibition experiments with free folic
acid at a 10 times increased dose as compared with the
folate dose delivered with P1133 resulted in a minor, albeit
not significant inhibition of the P1133 induced tumor
enhancement (P > 0.05). Inhibition experiments with
higher folic acid doses proved toxic in tumor bearing mice,
similar to previous reports (37). However, delayed MRIs
showed significantly less tumor enhancement at 24 hour
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p.i. of folate free P904 compared with folate linked P1133
(P < 0.05; Fig. 2). Because P1133 and P904 are chemically
identical except for folate engraftment on P1133, this data
indicates increased nanoparticle uptake via folate receptor
targeting.

We next evaluated TAMs versus epithelial cells for expres
sion of a and [ folate receptor in mammary tumors and
revealed folate receptor o staining throughout epithelium,
with no expression detectable on CD68" TAMs (Fig. 4A).
In contrast, expression of folate receptor B was observed
exclusively on CD68" cells, although these represented

Figure 3. Uptake of ferumoxytol
by TAMs in vivo. A, localization
within OCT embedded mammary
tumors of ferumoxytol (iron; black
contrast) to CD68" macrophages
(green) using phase contrast of
DAB staining and confocal
microscopy. B, localization of
ferumoxytol FITC (green) to
CD68" macrophages (red) but not
Keratin 18" carcinoma cells (red)
within mammary tumors. Scale
bars are shown in images.

only a portion of the total CD68% TAMs found within
tumors (Fig. 4B) and seemed to be primarily associated
with vascular and peripheral regions of mammary tumors.
Consistent with the MRIs, Prussian Blue staining for iron
was more prominent within tumors from mice injected
with P1133 compared with P904 or ferumoxytol (Fig. 4C).
Furthermore, although some iron staining was observed in
areas that did not seem occupied by TAMs (blue arrow),
this was minor compared with staining within stromal
areas likely enriched with TAMs (red arrow). Thus, while
folate engraftment did increase uptake of USPIOs by cells
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Figure 4. Folate receptor
expression and folate targeted
uptake of nanoparticles. A,
staining for folate receptor o (FRo.;
red) and CD68" macrophages
(green) shows that expression of
FRa is localized to carcinoma cells
within mammary tumors. B, a
subpopulation of CD68"
macrophages (green) expresses
folate receptor B (FRP; red
staining). C, Prussian Blue staining
for iron with DAB enhancement
within mammary tumors from
mice injected with ferumoxytol,
P904, or P1133. Scale bars are
shown in images.

other than TAMs, these results indicate that folate modi
fication of USPIOs may still improve their clinical use as
evaluators of TAM presence within tumors.

Ferumoxytol enhanced MRI detects TAM depletion
after anti CSF1 mAb treatment

Imaging data from a control mouse that underwent 3
subsequent MRIs at 0, 1, and 24 hours without any
contrast agent injection confirmed that MMTV PyMT
tumors do not show any intrinsic changes in magnetic
resonance signal within a 2 day observation period.
Mice treated with anti CSF1 mAb showed a similar
ferumoxytol tumor perfusion effect compared with
untreated controls during the first hour after intrave
nous ferumoxytol injection. However, at 24 hour p.i.,
anti CSF1 mAb treated tumors showed less magnetic

resonance contrast effects and significantly smaller
AR2 enhancement data compared with untreated con
trols (Fig. 5A). Corresponding confocal microscopy eva
luations confirmed TAM depletion of anti CSF1 mAb
treated tumors (Fig. 5B), indicating that ferumoxytol
enhanced MRI is related to TAM density.

Discussion

Results from this study show that ferumoxytol can be
used as a reliable tool to quantitatively monitor macro
phage presence in tumors, suggesting that this imaging
technique can be readily investigated as a surrogate mea
sure to predict outcomes for patients with breast cancer,
and applied to monitor TAM targeted therapies now in
clinical trials.
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Figure 5. Ferumoxytol enhanced MRI detects TAM depletion
noninvasively in vivo. A, quantitative magnetic resonance signal
enhancement (delta R2 measurement) of MMTV PyMT mammary
tumors before and after iron oxide nanoparticle administration,
displayed as mean + SD of 3 mice treated with anti CSF1 mAb or PBS
control. An additional control mouse underwent serial magnetic
resonance without any contrast agent injection to confirm that

MMTV PyMT tumors do not show any intrinsic changes in magnetic
resonance signal within a 2 day observation period. Note that mice
treated with anti CSF1 mAb showed significantly smaller AR2
enhancement data compared with untreated controls. B, corresponding
confocal microscopy evaluations confirmed TAM depletion within anti
CSF1 mAb treated tumors.

To the best of our knowledge, this is the first report
of utilizing a clinically applicable nanoparticle for TAM
detection by MRI. Other investigators have reported
TAM detection with nanoparticles that are not clinically
applicable, for either MRI (38) or optical imaging (39). In
addition, there have been reports of radiotracer based
approaches for TAM detection by positron emission tomo
graphy (PET; ref. 39). The latter is associated with radiation
exposure and therefore not used routinely for breast
imaging. MRI, on the other hand, is radiation free, estab
lished for breast cancer detection, and integrates near
microscopic anatomic resolution, high sensitivity, and
excellent soft tissue contrast. Although histologic methods
for quantifying TAMs are more precise, they are invasive,
limited to one or few observations, and not representative
of the whole tumor in the case of biopsies.

Preclinical and clinical evidence indicates that chronic
presence of diverse leukocyte subsets within the stroma of
breast cancers promotes tumor growth and metastasis
(3, 40, 41). TAMs play a significant protumorigenic role
in this context by augmenting neoplastic cell survival and
motility via elaboration of cytokines, chemokines, pro
teases, and reactive oxygen species (3, 4, 42, 43). TAMs also

potentiate pulmonary metastasis of mammary adeno
carcinomas through enhanced angiogenesis via regulation
of VEGF bioavailability and supplying epidermal growth
factor (EGF) to mammary epithelium (5, 44), in addition
to suppression of protective adaptive immune responses
(3, 42, 43, 45, 46). Exuberant macrophage recruitment
to breast cancer has been reported to be strongly asso
ciated with poor prognosis, both in animal models and
in patients (2 4, 42 44). Although phagocytotic capacity
can be altered by in vitro polarization of macrophages, we
have no evidence that ferumoxytol uptake corresponds
to a particular TAM phenotype. Regardless, aggressive
human breast cancers have been reported to contain few
(if any) Tyl polarized macrophages (47), and in the
MMTV PyMT transgenic model in particular, TAMs are
strongly Ty;2 polarized by interleukin 4 (2).

Ferumoxytol enhancement is a new, noninvasive indi
cator for TAM tumor infiltration, which may serve as a
novel biomarker for breast cancers with poor outcome
and may be utilized to stratify tumors with high TAM
infiltration for immune targeted therapies. There have
been multiple approaches for specific targeting and/or
blockade of TAMs for therapeutic purposes (29, 48, 49),
some of which are currently in clinical trials based on
experimental data showing that genetic, immunologic, or
pharmacologic blockade of CSF1, or its receptor (CSF1R),
decreases TAM presence in tissues and in experimental
solid tumors, correlating with diminished tumor angio
genesis, and reduced primary tumor growth and pulmo
nary metastasis (50 54). Because these therapies are not
cytotoxic, biomarkers of their efficiency at inducing
macrophage depletion would be of great clinical benefit.
Moreover, since clinical trials of new therapeutic drugs
and new combination therapies are expensive and take
years to complete, the immediate value and impact of
imaging TAMs and/or TAM depletion via MRI would
be immense.

We recognize several limitations with this approach.
Studies reported herein were done with ferumoxytol doses
of 0.5 mmol/kg. Previously described ferumoxytol doses
in humans were in the order of 0.035 0.072 mmol/kg
(18, 19). Iron oxide nanoparticles are generally applied
in higher doses in rodents as opposed to humans to
compensate for the relatively shorter blood half life in
rodents. However, future clinical applications must show
if the currently applied dose in patients is sufficient for
TAM detection, or if the dose can be safely increased. Of
note, ferumoxytol showed an excellent safety profile in
more than 700 patients (17). Larger superparamagnetic
iron oxide nanoparticles (SPIO, diameter >50 nm) provide
higher cellular uptake via ex vivo labeling. However, SPIOs
are rapidly phagocytosed by macrophages in liver, spleen,
and bone marrow and do not reach TAMs in vivo. USPIOs,
on the other hand, are not as quickly recognized by the RES
and have a longer circulation time, and can therefore leak
into tumor interstitium, where they can be phagocytosed
by TAMs. Thus, for "in vivo TAM labeling," USPIOs are
advantageous (32, 33).
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As shown by our data, an alternative approach to
increase the sensitivity of MRI would be to utilize folate
engrafted nanoparticles. Although such particles are
currently not available for clinical use, precursors of such
compounds are currently entering clinical trials and thus
folate engrafted derivatives may become clinically avail
able in the future. Folate engraftment enhances nanopar
ticle uptake via the folate receptor B, which is highly
expressed on TAMs (31). Several investigators including
us have reported uptake of USPIO and folate engrafted
USPIO by neoplastic cells, which may be a confounding
variable when aiming for TAM detection (24, 55, 56).
However, data presented here reveal that the ferumoxytol
and P1133 uptake in malignant epithelial cells is signifi
cantly lower as compared with macrophage uptake, leading
to negligible interferences of our imaging approach.

In conclusion, we have shown that iron oxide nanopar
ticle enhanced MRI can be utilized to detect TAMs in a
mouse model of mammary carcinogenesis. Ferumoxytol is
a clinically available nanoparticle that can be readily
applied for TAM imaging in patients with breast cancer
via an "off label" use. Macrophage detection may be
enhanced by using folate engrafted nanoparticles that
may become available for clinical use in the near future.
Clinical studies are underway to evaluate these findings in
patients.
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Macrophages Regulate Response to Chemotherapy

(Fig. 1H). Multivariate Cox regression analysis revealed that
the CD68"#"/CD4"#/CD8"" signature was an independent
predictor of decreased RES after controlling for grade, tu-
mor size, ER, PR, HER2, and Ki-67 status (Supplementary
Table S6), indicating that the immune signature predicts
RES independently of established histopathologic pa-
rameters. Thus, tumor infiltration by macrophages and
T lymphocytes may influence breast cancer recurrence in
lymph node-positive patients, a group often aggressively
treated with neoadjuvant and adjuvant chemotherapy.

Cytotoxic Therapies Induce TAM Recruitment and
CSF1 and IL-34 Cytokine Expression

These findings led us to hypothesize that blocking TAM
infiltration in breast cancer patients bearing the CD68"¢"/
CD4"#/CD8"" signature might enhance antitumor T-cell re-
sponses and facilitate CD8" CTL infiltration and/or repolar-
ization of CD4" T-cell responses toward T-helper 1 cell (T,1).
Consistent with this hypothesis, we found an inverse asso-
ciation between stromal infiltration by CD68" macrophages
and CD8" T lymphocytes in human breast cancer tissues
(Spearman’s rho, -0.38; P < 0.001; Supplementary Table S1).
On the basis of this observation, we postulated that chemosen-
sitivity might in part be regulated by TAM and/or CD8" T-cell
presence in breast cancer tissue. To address this, we initially
evaluated leukocyte infiltration in a small cohort of freshly iso-
lated breast tumors from women who had received neoadju-
vant chemotherapy, compared with those undergoing primary
surgery without preoperative treatment (Supplementary Table
S7). We found a higher percentage of CD45*CD11b*CD14*
macrophages in breast cancer from women who had received
neoadjuvant chemotherapy than in tumors from women
treated with surgery alone (Fig. 2A). In contrast, we observed
no difference in tumor-infiltrating CD45"CD3*CD8" T lym-
phocytes between the 2 groups (Supplementary Fig. S3A).

To determine whether TAM presence in breast cancers was
directly enhanced by chemotherapy, we evaluated leukocyte
responses in MMTV-PyMT mice, a transgenic mouse model
of mammary carcinogenesis, following treatment with pacli-
taxel (PTX; Supplementary Fig. S4). We found that infiltration
of mammary tumors by CD45*CD11b*Ly6C"**Ly6G~F4/80*
TAMs was significantly increased following PTX treatment,
with no significant change in the presence of CD3*CD8"
T lymphocytes (Fig. 2B; Supplementary Fig. S3B). Similar
PTX-induced TAM recruitment was observed in syngeneic
orthotopic PyMT-derived tumors (Supplementary Fig.
S3C). Consistent with our hypothesis, PTX treatment of
MMTV-PyMT mice only modestly slowed primary tumor
growth (Fig. 2B). For studies herein, we defined TAMs as
CD45*CD11b"Ly6G Ly6C "F4/80*, monocytic immature
myeloid cells (iMC) as CD45"CD11b*Ly6G Ly6C™", and
granulocytic iMCs/neutrophils as CD45"CD11b"Ly6G™"L
y6C* (Supplementary Fig. SSA and B), in agreement with
previously published studies (18, 19).

To reveal molecular mediators involved in regulating PTX-
induced TAM recruitment, we examined mRNA expression
of several monocyte/macrophage cytokines and chemo-
kines in murine mammary epithelial carcinoma cells (MEC)
following exposure to several forms of cytotoxic therapy
in vitro. CSF1, CCL8/MCP2, and IL34 mRNAs were increased
in MMTV-PyMT-derived MECs following exposure to PTX

(Fig. 2C). Of these, CSFI and IL34 mRNAs were also increased
following exposure to either CDDP or ionizing radiation
(Fig. 2D; Supplementary Fig. S3D). Increased mRINA expres-
sion was not merely a response of malignant PyMT-derived
MECs (pMEC), because a similar induction was also observed
in nontransgenic MECs exposed to PTX in culture (Fig. S3E).
Similarly, CSFI mRNA expression was also induced by PTX
and CDDP in 5 of 6 human breast cancer cell lines reflecting
the major subtypes of breast cancer (Fig. 2E). In vivo, CSFI
mRNA was increased in mammary tissue of MMTV-PyMT
mice following treatment with either PTX or ionizing radia-
tion (Fig. 2F; Supplementary Fig. S3F). Together, these data
indicate that induction of CSFI (and IL34) mRNA and sub-
sequent TAM recruitment into mammary tissue represent a
common response of MECs to cytotoxic agents.

Blockade of Chemotherapy-Induced TAM Recruitment

To determine whether tumor-infiltrating TAMs also regu-
late sensitivity of MECs to cytotoxic therapy, we blocked TAM
infiltration in vivo with immunologic and pharmacologic
agents (Supplementary Fig. S4) and evaluated myeloid cell in-
filtration of tumors from treated mice (Supplementary Fig.
SS). Mice bearing orthotopic mammary tumors were treated
with neutralizing monoclonal antibodies (mAb) CSF1 (clone
551) or CD11b (clone M1/70), or a competitive ATP inhibitor
with potent (nM) specificity for CSF1 and cKIT receptor tyro-
sine kinases (PLX3397), either as a monotherapy or in combi-
nation with PTX. CD11b is an integrin cell adhesion molecule
expressed on granulocytes, macrophages, monocytes, dendritic
cells (DC), and natural killer cells that in part regulates tran-
sendothelial migration of cells into tissue and tumor paren-
chyma. PLX3397 has 10- to 100-fold selectivity for cKIT and
CSFI1R, as opposed to other related kinases, such as KDR (see
Supplementary Fig. S6A and Methods; ref. 20).

Fluorescence-activated cell sorting analysis of the predominant
myeloid subtypes infiltrating mammary tumors revealed that ei-
ther as monotherapy, or in combination with PTX, CD45*CD11b
*Ly6C Ly6G~F4/80" TAM recruitment was significantly dimin-
ished following treatment with either «CSF1 mAb or PLX3397,
with no effect on infiltration of CD45*CD11b*LY6G"™" iMCs
or CD45"CD11b""Ly6C~CD22 Ly6G~CD11c"*MHCI"#"
DCs (Fig. 3A and B; Supplementary Fig. SSA and B). Treatment
with aCD11b mAb decreased both TAM and iMC infiltration
(Fig. 3A). Analysis of the maturation and differentiation status
of TAMs remaining in mammary tumor tissue following aCSF1
or PLX3397 treatment revealed no significant change in CD11b,
CD11c, F4/80, CD45, or MHCII expression (Supplementary
Fig. S5B). However, examination of mammary tumor sections
revealed a population of perivascular CSF1-independent F4/80"
TAMs remaining (Fig. 3C). Blockade of TAM recruitment was
a direct effect of CSF1/CSFIR blockade: In vitro CSF1R inhibi-
tion efficiently blocked CD11b" monocyte chemotaxis in re-
sponse to control or PTX-treated pMEC-conditioned medium,
with no effect on chemotaxis of CD3* T lymphocytes (Fig. 3D;
Supplementary Fig. S3G). These results were mirrored in vivo;
treatment of late-stage MMTV-PyMT mice with PLX3397 sig-
nificantly inhibited both steady-state and PTX-induced tumor
infileration by CD45"CD11b*Ly6C Ly6G~F4/80" TAMs (Fig.
3E; Supplementary Fig. S5) without altering TAM maturation/
differentiation (Supplementary Fig. S6B).
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Immunosuppressive Macrophages and
Chemosensitivity

Development and progression of pulmonary metastases in
mammary carcinoma is impaired in mice containing a re-
cessive null mutation in the CSFI gene (15, 35). Similarly,
blockade of CSFIR signaling impairs aspects of mammary
carcinogenesis (36) and metastases (37). We used aCSF1
mAb and PLX3397, a novel small-molecular-weight tyro-
sine kinase inhibitor, to efficiently deplete CD11b"Ly6G L
y6CF4/80" TAMs (70%) without altering the presence of
CD11b Ly6G"¢"F4/80  iMCs or perivascular F4/80" macro-
phages in mammary tumor stroma (Fig. 3).

Malignant mammary epithelial cells from MMTV-PyMT mice
express high levels of CSF1, which directly regulates TAM re-
cruitment (and EGF expression) and induction of macrophage
HIFla (11, 38, 39). We previously reported that IFN-y" CD8"
CTL activity is impaired by myeloid-derived ARG1 and nitric ox-
ide synthase that is HIF1a-dependent (38). Thus, on the basis of
inverse correlation between TAMs and CD8" T cells in human
breast cancer, and the fact that TAMs infiltrating mammary car-
cinomas directly suppress CTL activity in a HIFla-dependent
manner (38), we postulated that TAM depletion would foster an-
titumor immunity by relieving TAM-mediated CTL suppression
and thereby enhance response to cytotoxic therapy. Accordingly,
combined treatment of MMTV-PyMT mice with PTX, and either
aCSF1 mAb or PLX3397, slowed primary tumor development,
reduced development of high-grade carcinomas (Fig. 4), and de-
creased pulmonary metastasis by 85% (Fig. 6), features of mam-
mary carcinogenesis accompanied by decreased vascular density
(Fig. 4), and increased CD4" and CD8" T-cell infiltration in pri-
mary tumors (Fig. 5). Increased presence of CD8" T cells was
significant in this regard, as when specifically depleted, the added
benefit of combined PLX3397/PTX therapy was lost (Fig. 6).

Immunosuppressive myeloid cells encompass a diverse popu-
lation of CD11b"Gr1'Ly6G" cells, including myeloid-derived
suppressor cells, inflammatory monocytes, neutrophils, and
iMCs. Human equivalents have been identified as LIN7*"
human leukocyte antigen (HLA)-DR-CD33°CD11b" and
CD14"HLA-DR " cells (40). CSFIR blockade by PLX3397
depleted CD11b"Ly6G Ly6C"F4/80° TAMs, but not
CD11b'Ly6G" cells (Fig. 3C), which are 12-fold less abundant
in MMTV-PyMT carcinomas. In contrast, immunosuppressive
CD11b"Ly6G" cells are more abundant in other mammary tu-
mor models, such as 4T1 (41). This may be an important distinc-
tion between tumor types considering the fact that monocyte
mobilization from bone marrow is impaired by genetic loss of
CSF1, but unaltered following pharmacologic or immunologic
inhibition of CSF1R. Gr1"CCR2"CX3CR1"®" iMCs are highly
responsive to CCL2 (42), and CCL2 (MCP1) is expressed at high
levels in MMTV-PyMT mammary tumors (Fig. 2C). Therefore,
in extrapolating to the clinical scenario, it will be important to
stratify human breast cancers containing predominantly high
levels of mature tissue TAMs, compared with those containing
LIN*YHLA-DR CD33"CD11b" or CD14"HLA-DR /" iMCs,
because these breast cancers would likely be less responsive to
combinatorial therapy involving CSF1R-targeted agents.

Tissue Specificity and Clinical Implications

Stromal infiltration of TAMs is a poor prognostic indicator
for some solid tumor types (43); however, infiltration of TAMs

inside tumor nests, particularly when CD8" CTLs are also pres-
ent, can correlate with improved survival outcome (44). These
differences might be explained in part by the fact that TAMs pro-
duce either protumor or antitumor bioactivities depending on
the types of cytokines to which they are exposed (43). TAMs regu-
lated by T,,1 cytokines including IFN-y, TNF-o, and granulo-
cyte monocyte colony stimulating factor enhance TAM cytotoxic
activity, production of proinflammatory cytokines, and antigen
presentation (45). In contrast, tissue macrophages exposed to
T2 cytokines, immune complexes, or immunosuppressive cyto-
kines instead block CTL activity and promote angiogenesis and
tissue remodeling (43, 45). In non-small cell lung cancer, TAMs
that localize to tumor nests and correlate with favorable clini-
cal outcomes exhibit an M1/T,,1 cytokine profile and express
high levels of HLA-DR (46, 47). In contrast, CD163 and CD204
expressing TAMs (M2/T,;2 markers) correlate with poor clinical
outcomes in melanoma, non-small cell lung cancer, and pancre-
atic cancer (48, 49). We found that tumor tissue from PLX3397/
PTX-treated mice had increased IL12p35 and IFNol mRNA ex-
pression, indicative of bolstered antitumor immunity, indicating
that PLX3397/PTX therapy fostered a general reprogramming
of the immune microenvironment, in addition to blocking TAM
infileration that together favored CD8" T-cell-mediated tumor
suppression. Data presented herein do not reveal whether the
improved outcome for tumor-bearing mice or the antitumor
immune microenvironment fostered under these conditions re-
sulted directly from reduced presence of alternatively activated
TAMs, decreased vessel density, or a combination of the two.
Given the fact that PLX3397 as monotherapy efficiently reduced
TAM presence but had no effect on vessel density, primary car-
cinoma (Fig. 4), or pulmonary metastasis development (Fig. 6),
it seems reasonable to speculate that TAM depletion resulted
in loss of an important epithelial cell survival pathway (possibly
mediated by EGF) that resists chemotherapy-induced cell death;
certainly, however, effects on vascular pathways may also play a
role, as has been recently reported by Rolny and colleagues (50). It
will be interesting to determine whether directly reprogramming
TAMs—for example, by neutralization of IL-4—to favor the pres-
ence of classically activated (M1) TAMs, as we have previously
reported (11), also similarly enhances antitumor immune pro-
grams and chemosensitivity and, if so, whether those responses
are also CD8" T-cell-dependent.

Microtubule inhibitors constitute one of the most effective
classes of cytotoxic agents available for treating both early- and
late-stage breast cancer, and are considered the standard of care
for treatment of metastatic disease. Several agents that affect mi-
crotubule dynamics are active antitumor agents and induce po-
lymerization or cause nonfunctional tubulin aggregates. These
compounds block cell division by interfering with function of the
mitotic spindle and consequently result in cell-cycle arrest and cell
death. PTX is among the most widely used agents in this class.
Despite the clinical activity of taxanes, median time to progression
in patients treated with PTX is only 6 to 9 months in the first- and
second-line setting, and 3 to 4 months in patients with previ-
ous exposure to taxanes (51). Although addition of the antiangio-
genic agent bevacizumab to PTX improved response and time to
progression, it was without impact on OS (52). Glucocorticoid
premedication is required for PTX to prevent increased bone mar-
row and peripheral nerve toxicity as well as allergic reactions and
anaphylaxis due to the Cremaphor solvent base. For other cyto-
toxic agents, glucocorticoids are also commonly used to prevent

64 | CANCER DISCOVERY JUNE 2011

www.aacrjournals.org



Macrophages Regulate Response to Chemotherapy

toxicities such as nausea, vomiting, and fluid retention. Although
these agents are standard additions to many chemotherapies,
they suppress production of proinflammatory cytokines and che-
mokines, severely impair differentiation of antigen presentation
by DCs, suppress development of T,;1 cells, and bias immune
responses toward T2 cell types (53). Our neoadjuvant studies
in MMTV-PyMT and orthotopic tumor-bearing mice were per-
formed without dexamethasone, an H, antagonist, or diphen-
hydramine. Thus, it is possible that the CD8" T-cell-dependent
antitumor program fostered by combined PLX3397/PTX would
have been dampened in the presence of dexamethasone. An un-
derstanding of the mechanisms that lead to inadequate or poor
response to taxanes is urgently needed, as are prognostic biomark-
ers that predict which patients will respond favorably. That said,
it seems reasonable that administration of cytotoxic agents not
requiring steroids, in combination with novel strategies such as
TAM ablation (or TAM reprogramming), which together bolster
natural antitumor immunity, would improve outcomes and ex-
tend long-term survival for patients with breast cancer, as well as
other cancer types. The clinical outcome of pharmacologically (or
immunologically) targeting TAMs directly or the pathways that
regulate their recruitment must be considered carefully because
all cancer types may not respond in a similar fashion. This study
provides a compelling rationale for clinical evaluation of combi-
natorial therapies inhibiting TAM recruitment, in combination
with standard-of-care chemotherapy for treatment of breast can-
cer, and underscores the importance of identifying a population
of patients who, by virtue of their immune profile and CSFIR
status, may benefit most from such therapies.

METHODS
Patients and Tumor Samples

Tissue microarray studies were conducted on 2 separate patient co-
horts. The screening cohort, Cohort I, described elsewhere in detail (54),
was constructed from 179 cases of invasive breast cancer diagnosed at the
Department of Pathology, Malmé University Hospital, Malmé, Sweden,
between 2001 and 2002. The median age at diagnosis was 65 years of
age, and the median follow-up time for OS was 52 months. Patients had
not received neoadjuvant therapy and were treated with either modified
radical mastectomy or wide local excision. The median tumor size was
2.2 cm; 62% of the tumors were PR-positive and 72% were ER-positive.
Complete endocrine treatment data were available for 143 patients, 67
of whom received adjuvant tamoxifen, 3 an aromatase inhibitor, and 25
a combination of tamoxifen and an aromatase inhibitor. Information
on adjuvant chemotherapy was available for 143 patients, of whom 30
received treatment. The second (validation) cohort, Cohort II, included
498 patients with primary invasive breast cancer diagnosed at the Malmé
University Hospital between 1988 and 1992. These cases belonged to an
original cohort of 512 patients, as previously described in detail (55). The
median age at diagnosis was 635 years, and median follow-up time to first
breast cancer event was 128 months. Information regarding the date of
death was obtained from regional cause-of-death registries for all patients
in both cohorts. Complete endocrine treatment data were available for
379 patients, 160 of whom received adjuvant tamoxifen. Information on
adjuvant chemotherapy was available for 382 patients, of whom 23 re-
ceived treatment. To assemble tissue microarrays, clearly defined areas of
tumor tissue were indicated on a slide with a fresh tissue section from the
paraffin block. Two biopsy samples, 1.0 mm in diameter, were taken from
each donor paraffin block corresponding to the marked area. Recipient
blocks were limited to ~200 cores each. In general, cores were taken from
the peripheral aspect of the tumor. Necrotic tissue was avoided. For IHC
analyses, 4.0-nm paraffin sections were used. The ethical committee at
Lund University (Malmo, Sweden) approved this study.

Automated Image Acquisition, Management, and Analysis

Fully automated image acquisition was used for the results presented in
this article. The Aperio ScanScope XT Slide Scanner (Aperio Technologies)
was used to capture whole-slide digital images with a 20X objective. Slides
were dearrayed to visualize individual cores, using Spectrum software
(Aperio). A tumor-specific nuclear algorithm (IHC-MARK) developed in
house was modified to quantify CD4, CD8, and CD68 expression. [HC-
MARK was initially designed to identify tumor cells on the basis of nuclear
morphologic features (56); however, this was modified for evaluating leu-
kocyte infiltration based on specific nuclear morphologic features.

Image and Statistical Analysis

A decision tree-supervised algorithm was used to group patients
based on immune cell IHC density. For decision tree analysis, all pa-
tients were randomly divided into 10 subsets. A decision tree model was
selected using a 10-fold cross-validation approach (16). Ten consecutive
decision tree models were independently constructed with the immune
cell infiltration density continuous output from 9 subsets. Survival out-
come predictive power of each decision tree model was tested on the
remaining set of patients, and the model with the higher accuracy was
selected as optimal for the dataset. Kaplan-Meier analysis and the log-
rank test were used to illustrate differences between OS and RFS accord-
ing to individual CD68, CD4, and CD8 expression. A Cox regression
proportional hazards model was used to estimate the relationship to
OS of the CD68/CD4/CD8 immune profile; lymph node status; tumor
grade; and HER2, PR, and ER status in the patient cohorts. A P value of
<0.0S was considered statistically significant, and calculations were as-
sessed using Statistical Package for the Social Sciences (SPSS, Inc.).

Neoadjuvant Cohort

The neoadjuvant cohort consisted of 2 gene expression cohorts
representing 311 patients treated with neoadjuvant chemotherapy
(26, 27), with complete pathologic response in 60 (19%) patients.
The majority of patients received PTX and fluorouracil-doxorubicin-
cyclophosphamide. Both datasets were examined on the same array
platform (Affymetrix U133A), using a standard operating procedure
and normalization method (dCHIP) as previously reported (57, 58).
Data were downloaded from the Gene Expression Omnibus (59) and
an institutional website (60). Normalized expression values for both
CD8 and CD68 were established as previously described (54).

Preclinical Mouse Models and Animal Husbandry

Mice harboring the PyMT transgene under the control of the MMTV
promoter in the FVB/n strain were obtained from Dr. Zena Werb
[University of California, San Francisco (UCSF), San Francisco, California)
and have been previously described (14). Two murine models of mam-
mary tumor development were used to analyze response to chemother-
apy (Supplementary Fig. S3). The first model used MMTV-PyMT mice
(Supplementary Fig. S3A). The 80-day-old MMTV-PyMT female litter-
mates were randomized by initial tumor volume and fed either PLX3397
(20, 61, 62) formulated in mouse chow or control chow (provided by
Plexxikon Inc). PLX3397 was formulated in mouse chow so that the av-
erage dose per animal per day was 40 mg/kg. When PLX3397-treated
MMTV-PyMT mice reached 85 days of age, they were then administered
PTX (Hospira) every S days by iv. injection into the retroorbital plexus.
PTX was given at 10 mg/kg of the animal per injection, diluted in PBS.
Tumor burden was evaluated by caliper measurement every S days follow-
ing the start of PLX3397 treatment. Prior to tissue collection, mice were
cardiac-perfused with PBS to clear peripheral blood. Mammary tumor tis-
sue from PBS-perfused MMTV-PyMT mice was analyzed by flow cytom-
etry and qRT-PCR 2 days after the second dose of PTX, when metastatic
burden and tumor grade were determined. Primary tumor burden was
determined by caliper measurements on live sedated mice. Metastatic bur-
den was assessed by serial sectioning of formalin-fixed paraffin-embedded
lung tissue whereby the entire lung was sectioned and the number of
metastatic foci (>5 cells) was determined on 6 sections taken every 100
um following H&E staining. Lungs from >10 mice/group were analyzed.
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To assess tumor grade, the stage characterization technique classified RO1CA132566, R0O1CA140943, and PS0CAS58207, and the Department
tumor tissue into 3 levels of histologic progression by quantifying the of Defense Grants W81XWH-06-1-0416 and PR080717 (L.M. Coussens).
area of transformed glands occupied by each stage (15, 38). Progression
follows from a “precancerous stage” characterized by premalignant hy- Received November 30, 2010; revised February 7, 2011; accepted
perplasia and adenoma/mouse intestinal epithelium but with the reten- February 8, 2011; published OnlineFirst April 3, 2011.
tion of some normal ductal and acinar mammary gland morphology, to a
more epithelial cell-dense “early carcinoma” with some stromal invasion,
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